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Abstract

Abstract

Mass timber or engineered timber products have become increasingly high
profile in the past decade. They are advocated by the construction industry as
structural elements, or elements of the building envelope that perform well in
terms of sustainability, energy efficiency, and aesthetics. Nevertheless, these
novel materials, since they are comprised of timber and adhesives, contribute
in a fire scenario. The contribution of timber has been addressed so far by the
use of plasterboard, in order to protect the timber; however, architects and
stakeholders push towards more timber surfaces to be exposed. At present
day, research has developed an understanding about the way timber behaves
during a fire from a structural perspective, how it affects the compartment fire
dynamics, and what are the critical values in order to achieve auto-extinction.
The external fire spread aspect has not been addressed in the community to
the same extent; this project aimed to understand the hazards of external fire

spread from timber-lined compartments.

A series of experimental programmes was undertaken. Experiments were
performed to record a “traditional” (i.e., non-combustible internal linings)
compartment behaviour, as a baseline; following that, differences on the
external fire spread, presented by the internal timber linings, could be
quantified. The first experimental campaign established a clear difference in
external fire dynamics. Heat fluxes on a facade above the opening were
20-30% (for one exposed timber lining) and up to 60% (for two exposed timber
linings) higher than a compartment with non-combustible linings; heat fluxes
opposite are dependent on distance from the opening; near-field values are
approximately equal; far-field plumes from timber compartments recorded
higher values compared to the inert ones. Heat release and mass loss rates
were 20-30% and 35-40% higher, respectively, when timber surfaces were
exposed.
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After the preliminary experiments, a following experimental series attempted
to isolate the contribution of timber from that of the fuel source. At the first
stage, a baseline was created using exclusively non-combustible insulation as
linings. A novel experimental system was used; the fuel source was a propane
burner (thus excluding a heat feedback aspect); an external thermocouple tree
was used to measure plume temperatures; calorimetry was performed in total
and at the compartment opening; calibrated cameras were used. The gas
phase temperatures of the external plume and the overall shape of the plume
were quantified. With respect to classic plume theory correlations, the
compartment presented a comparable behaviour; this baseline was later used

to compare results with exposed timber linings.

The final experimental campaign revealed differences in plume behaviour from
the baseline. Exposed timber ceilings, depending on the amount of exposed
surface, affected the plume trajectory, and deviated from the baseline;
exposed back wall, regardless of the amount of exposed surface, performed
more similarly to the inert compartment baseline. With exposed ceilings heat
fluxes on the facade were higher; on the other hand, the exposed wall led to
higher heat fluxes opposite the compartment. Momentum and buoyancy
increased as more timber was exposed. The Lee et al. model, which was
modified by Gorska, was expanded for datasets of both under- and well-

ventilated compartments with the full thesis’ dataset.

Understanding the hazards of timber-lined compartments will allow architects
and engineers to deliver safer, more sustainable, and aesthetically pleasing

buildings to the public.
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Lay summary

Lay summary

Mass timber or engineered timber products have become increasingly high
profile in the past decade. They are advocated by the construction industry as
parts of the bearing structure, or elements of the building envelope. This is
mainly due to timber’s performance in terms of sustainability, energy efficiency,
and aesthetics. The construction industry promotes, for the last decade,
engineered timber products for mid- and high-rise buildings (i.e. timber
skyscrapers). Nevertheless, these novel materials, since they consist of timber
and adhesives, contribute in a building fire. To avoid that, timber, so far, has
been protected with the use of plasterboard. However, architects and
stakeholders want to expose more timber surfaces, as the end result is
aesthetically pleasing. At present day, research has established how timber
performs from a structural perspective, some of the changes on fires in the
interior of buildings when timber is exposed, and under which conditions a fire
can burn out in rooms with timber linings. Despite the above, more research is
needed in how fire spreads externally from a burning room (or compartment)
and how timber affects this phenomenon. This project aimed to address this

issue.

Initially, a series of medium-scale compartment fires was conducted. This
experimental programme established that timber presents an additional
hazard for external fire spread. More exposed timber meant that more fuel was
available to burn. Timber presence was shown that affected: (1) the building
of fire origin, as measurements above the compartment opening were higher
when timber was exposed; (2) the surrounding at a distance, as flames were

taller and more radiative compared to “traditional” non-combustible buildings.

The second experimental campaign aimed to: (1) create a baseline of an inert
compartment, that would then be compared with compartments with timber
linings; (2) improve the experimental setup by additional measuring tools and

improvement of previously used equipment. These improvements on the setup
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made possible a comparison of these experiments with the established

theories on external fire spread.

The final experimental campaign included timber linings in the compartment.
The contribution of timber was isolated; the effects of timber’s presence in the
compartment space and how it affected the external fire spread were, to some
extent, established. Exposed timber ceilings affected the trajectory of external
flames and had a bigger impact to the building of origin; exposed timber back
wall behaved closer to the baseline experiments but had a bigger impact on
targets opposite the building of origin. A prediction model developed by Lee et
al. was modified to take into account the present experiments, giving adequate
predictions on the impact that timber presence has on the building of origin.

Understanding the hazards of timber-lined compartments will allow architects
and engineers to deliver safer, more sustainable, and aesthetically pleasing
buildings to the public.
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Nomenclature

Nomenclature

Latin symbols

A

B

Area (m?)

Burning factor (m-°)

(TSC) Calibration factor (-)
Specific heat of gas (J/(kg-K))
Excess fuel factor (-)
Gravitational acceleration (m/s?)
Opening height (m)

Opening height (m)

Height above the neutral plane (m)
Incident radiant heat flux (kW/m?2)
Buoyancy (N)

Coefficient of eddy viscosity (m?)
Coefficient of eddy diffusivity (m?)
Lee et al. length scale (m)
Momentum (N)

Mass inflow rate (kg/s)

Mass loss rate (kg/s)

Mass (kg)

Yokoi’s opening shape factor (-)

Opening factor
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To

Heat release rate (kW)
Convective heat output (W)
Heat flux (kW/m?)

Stoichiometric ratio (-); Radial distance of the point of interest

from the fuel source (m)

Radius of the circular orifice/opening (m); Equivalent radius for

a rectangular pool fire/opening (m)

Area (m?)

Temperature (°C, K)

Horizontal gas velocity (m/s); Compartment exit velocity (m/s)
Velocity at the orifice/opening (m/s)

Non-dimensional gas velocity (-); Opening width (m)

Vertical gas velocity (m/s)

Distance from the orifice that velocity v is estimated (m); Stand-

off distance of the ejected gas from the heat source (m)
Horizontal distance inside the opening (m)

Vertical distance of the point of interest from the fuel source

(m); flame height above the top of the opening (m)
Net height above the top of the opening (m)

Time-averaged mean flame height (m)

Greek symbols

a

14

Absorptivity (-)

transient compensation factor (-)
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Nomenclature

Surface emissivity (-)

o Non-dimensional temperature (-)
46 Temperature difference of the point of interest from ambient (K)
0, Ambient temperature (K)
p Density (kg/m?3)
o Stefan-Boltzmann constant (W/(m?2-K#))
©p Global equivalence ratio (-)
Subscripts
af Air-to-fuel
air air
c Combustion
CLT Cross-laminated timber (CLT)/timber
cond  Conduction
conv  Convection
d (TSC) Disc
ex external
fa Fuel-to-air
g gas
in Internal
inc incident
mod Modified
out Exit (mass flow)
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rad
st,s

st,g

tot

TSC

Radiation

Stored (energy) in the solids

Stored (energy) in the gases

Total (internal area excluding openings)
Total

Thin skin calorimeter (TSC)

opening

Ambient

Abbreviations

GER

HFG

HRR

TSC

Global equivalence ratio
Heat flux gauge
Heat release rate

Thin skin calorimeter
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Chapter 1 — Introduction

1.1 Background

1.1.1 Wood as a building material

Timber is one of the first materials that were used in building construction. It
possesses properties that can be favourable for construction, as it is
lightweight and can function in both tension and compression on its own. Wood
also has drawbacks, in terms of performance in a fire, inherent weak spots in
its structure (e.g. knots), and can suffer in comparison with more modern

material such as concrete and steel.

1.1.1.1 The good

The building industry, for the last decade, has been consistently and
persistently advocating for the use of timber in modern construction [1]. This is
due to the fact that timber is no longer available in the form of a single piece of
wood, cut to size. Engineered timber products are now widely available in
construction [2]; this signified a rebirth for this old construction material.
Engineered timber products are comprised of pieces of timber, all bound
together with either chemical (i.e. glues) or mechanical (i.e. screws, bolts, etc.)

means.

These new products eliminate some of the weaknesses associated with single
cut timber; knots in the virgin wood are now part of a larger product, meaning
that they are less of a problem; mechanical properties are now more
modifiable, as the products are assembled in order to create the desired
mechanical performance (long beams, thick timber floor slabs, etc.). Timber
products also perform very well in terms of energy efficiency; as they are
prefabricated and assembled on site, they offer an opportunity to minimize
error from the desired dimensions, therefore creating a more air-tight building
shell. Finally, as the base material, timber can be sustainably grown and
sourced, which makes it extremely popular in an industry that attempts to make

a turn towards more sustainable practices.
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1.1.1.2 The bad

Timber possesses a very distinguishable property; that is, its combustible
nature (i.e. timber burns). In comparison to steel and concrete, this material
contributes to a fire; due to this, its behaviour needs to be understood and

accounted for when it is included in the built environment.

In the past, large fires like those in Rome [3], London [4], and Chicago [5]
forced people to exclude timber from the list of potential construction materials.
Exclusion may have led to the desired fire safety outcome in the past.
However, in a modern built environment, where combustible materials are
ever-present (e.g. polymers), timber does not stand alone as a combustible
construction material anymore. Furthermore, wood’s favourable properties

should be weighed, alongside the less favourable ones.

Modern day use of timber started with timber elements that were covered with
one or several layers of plasterboard; this technique of enclosing the timber
within layers of other materials is called encapsulation. Encapsulation within
one or several layers of non-combustible materials can be proven successful
to protecting the timber elements from thermal degradation and involvement in

the fire.

1.1.1.3 The unguantified

The engineering profession is constantly challenged by materials and
architects’ desired goals. In this sense, timber presents another sort of
challenge. Timber’'s behaviour in a fire needs to be understood qualitatively
and guantitatively. Research so far made progress in areas such as internal
fire dynamics [6]—[9], bonding failures [6], [8], [9], and structural performance
[10]-[12].

Despite the aforementioned work by several researchers, less focus was given
to external fire spread and how this is affected by the presence of timber. The

most recent project that included this as a studied hazard was from Gorska [9].
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1.1.2 External fire spread

Fire, as a hazard, can present several challenges in the built environment. One
of these is the external spread from a burning room to all external surroundings
(i.e. neighbouring buildings, building of origin). External fire spread was taken
into account after large conflagrations [3]—[5]; cities needed to recuperate after
these events, and counter-measures were enforced to control or mitigate this

fire hazard.

From a research aspect, this fire hazard has been thoroughly studied by
various researchers, with multiple focus points into the drivers of the
phenomenon and its impact. However, most of the research output was
concerned with buildings or model compartments with non-combustible linings
(e.g. concrete, masonry, steel, plasterboard, etc.). There has been little focus

into the effect of combustible linings on external fire spread.
1.2 Objectives of the thesis
The present research aims to:

e undertake a state-of-the-art review on external fire spread and timber-
lined compartments;

e establish whether or not timber changes the fire dynamics in a
compartment fire;

e develop a system that can capture the behaviour of external plumes;

e test whether classic and modern plume theory models adequately
predict the external plume behaviour;

e update and/or inform models with a new dataset on timber-lined

compartment fires.
1.3 Summary of Chapters

The thesis consists of eight chapters; a summary for each chapter follows.
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1.3.1 Chapter 2 — Literature review

This chapter is concerned with three key tasks. Firstly, it is to present the
context and the drivers which led into this research project. Following that, a
review of the UK regulatory system regarding external fire spread is performed;
research that led to this regulatory approach is examined. The physical aspect
of external fire spread is also examined; the role of burning timber in the
compartment space, as this has been recorded so far by other researchers is

presented.

1.3.2 Chapter 3 — Methodology

The methodology used in each experimental programmes is presented and
described in full. The thorough description is given for: (1) the guiding
principles which led to the development of the methodology; (2) the prototyping
process, which included the fuel source, the ventilation conditions, the fuel
load, and the resulting compartment design; (3) the experimental design of the

experiments undertaken in support of this research.

1.3.3 Chapter 4 — Excess fuel

The Phase 1 experimental campaign consisted of four experiments, with a
repeat for each one. The campaign aimed to identify key differences when
timber linings were exposed in the compartment space. The global
equivalence ratio was tried as a predictive variable for identifying potential

external flaming.

1.3.4 Chapter 5 — Creating a baseline

After identifying exposed timber in the compartment as a driver for changing
the hazard of external fire spread, a more refined and robust setup was
developed. The Phase 2 (and 3) experimental setup was able to capture the
needed measurements in order to proceed with characterisation of the external
plume. The Phase 2 experiments aimed to provide a baseline of inert
compartment behaviour for comparison with the following experimental

programme where timber linings were exposed.
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1.3.5 Chapter 6 — Timber linings

Key characteristics of Phase 3 experiments, regarding plume behaviour, were
recorded in this chapter. This programme demonstrated the noticeable
differences of inert versus exposed timber compartment fires. Deviations of the
exposed timber with regards to calorimetry, incident heat fluxes at the
surroundings, plume temperature profiles, and velocities at the compartment

opening are presented in the chapter.

1.3.6 Chapter 7 — Analysis

Analysis of all three datasets from the current thesis is presented in this
chapter. All plume related correlations were tested, in order to identify whether
these are applicable in the case of exposed timber in compartment fires. A
plume temperature model was identified; a heat flux model, with modifications
to fit the current datasets, was re-established for timber-lined compartments.

1.3.7 Chapter 8 — Conclusions and future work

Conclusions of the findings of the thesis work are presented. Suggestions for

future work and potentially interesting approaches are made.
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Chapter 2 — Literature review

The literature review is divided into three sections:

e Context — a brief overview of the use of timber in the construction sector
is provided;

e Regulation of fire spread hazards from timber buildings — a review of
the background the regulation of fire spread hazards and the studies
that led to this approach (with a particular focus on UK regulatory
systems);

e Physical processes governing external fire spread hazards from
buildings.

2.1 Context

Trees are cut down to harvest wood as a product to be used in various
applications (e.g. building material, furniture, etc.). Wood can be processed
into smaller pieces — either of smaller cross section or smaller length. At this
stage, the wood products can be referred to as timber or lumber depending on
the level of process it has undergone; the former is used for less processed

material and the latter for more processed products.

A distinction needs to be made between products that can be used for building
construction and products that are used for furniture, etc. This work is

considering only products that belong to the first category.

Pieces of timber, lumber or sawn products can be combined together to form
a single structural element. This is achieved through adhesives to bind the
strands, fibres, particles, veneers or boards of wood. Other methods of
fixation, such as fixing using pins, are also possible. This aim is the same in
both cases; to form composite materials. Materials with these characteristics

are called engineered timber.

Engineered timber is applied as a construction material in various ways. It is
found as a material for frames of low-rise dwellings [13]. It is also used as part

of the load bearing system — in the form of a beam or column [14]. Finally,



External fire spread from timber lined compartments

engineered timber is also designed and applied as the primary load bearing
construction material for modern mid- and high-rise buildings — in the form of

beams; columns; floor slabs; masonry [10], [15].

Engineered timber products can be found in various applications. Each product
has certain properties; these properties define its application — some kinds of
engineered timber can have similar applications. Table 2.1 lists all the different

engineered timber products [16].

Cross laminated timber (CLT) is an engineered timber product that is used in
construction as a structural element; it is referred to by some as "super-
plywood" [2]. It can be used as stand-alone material for the structural frame or
as part of a composite system with steel and/or concrete elements. CLT
members are used both in vertical orientation (i.e. walls) and horizontal

orientation (i.e. floors/ceilings).

CLT is comprised of an odd number of layers (i.e. 3, 5, 7, etc.) as shown in

Figure 2.1. CLT is formed based on the following process:

- Planks of timber are placed side by side to form the first layer (lamella);
the orientation of the grain is parallel to the length of the element;

- Glue is applied on top;

- The second layer of planks is placed on top of the first; the grain forms
a 90° angle with the first lamella;

- The process is repeated until the last layer; this layer has the same
orientation as the first one.

- Hydraulic presses are compressing together the members from the two
ends to aid and ensure the binding of the lamellae with the glue.

CLT behaves as a composite material; the composite action is achieved due
to the glue used to combine the different layer into one material. Due to the
fact that lamellae orientation differs by layer (0° for the odd-numbered and 90°
for the even-numbered lamellae), the end product (CLT) has a structural

capacity in both orientations.
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Table 2.1: List of engineered timber products, application, composition, and

binding method.
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Figure 2.1. Side view of CLT slabs with 3 (top) and 5 layers (bottom) [17].

Like steel and concrete, CLT can be used to form elements of superstructure
of buildings. However, unlike steel and concrete, the primary material that

comprises CLT is combustible.

Applications of CLT are case dependent; there are several different typologies

of construction. For example:

e Pure CLT —where CLT forms all the principal structural elements. This
form is most common in residential buildings where the CLT structural
naturally forms a ‘honeycomb’ space of rooms and apartments;

e Timber Hybrid — where CLT slabs are used with glulam columns and
beams. This form is commonly used in structures where a longer span
is desirable such as educational buildings; and

e Hybrid — where CLT slabs are supported by a concrete or steel frame.

The degree to which the timber structure is exposed or ‘expressed’ within the
finished building depends on the use of a plasterboard finish on the surface of

the structure.
Examples of these different forms are as follows.
Pure CLT

Forte Living in Melbourne, Australia is an example of an internally fully

encapsulated structure [18]. Floors, walls (except the featured exposed CLT

10
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one), and ceiling were covered with plasterboard. A hardwood floor was fixed
in all living areas; and the floor slabs were lined with two layers of plasterboard.

One layer of plasterboard was applied also on the facade of the building.

A similar case to Forte Living is the Stadhaus in Hackney, London. The living
areas are completely covered with plasterboard. Suspended ceilings and
floating floors were installed; these installations enhanced the soundproofing
of the rooms.

Dalston Works, in Hackney, is also an example. The joints of walls and ceiling
are made from aerated concrete. The cladding system was built with a cavity
and suspended bricks on the exterior. From drawings provided [19] it appears
that the ceilings are protected with layers of plasterboard; nevertheless, the

floor is lined with an engineered timber layer.
Timber Hybrid

Brock Commons (Canada) is a relatively new addition to the tall, engineered
timber buildings. Strictly speaking, the two concrete staircases would force one
to include the building into the category of hybrid buildings; however, the
Glulam columns connected to the CLT floors put this building in the category
of Timber Hybrids [20].

Hybrid

The Cube (Hackney, London) is a hybrid building; it incorporates CLT into a
steel frame/concrete core construction [21]. The facade has exposed timber
surfaces; the interior appears to have encapsulated walls and exposed timber
floor [22].

The Wyoming Airport terminal incorporates all three building materials; timber;
steel; and concrete [23]. Timber is used for columns, girders and ceiling; steel
is used as a support system for the timber girders; the floors are comprised of

concrete.

11
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2.1.1 The concept of “Tall Wood”

The use of CLT in such different forms has been brought about in an attempt
by contemporary architectural practice to address housing and sustainability

problems simultaneously — whilst maintaining a high aesthetics level.

Michael Green presented this idea in 2013 [24], and in 2016 his idea was
already realised as the “T3” building in Minneapolis, Minnesota [25]. Since
Michael Green gave his talk, Tall Wood (or Tall Timber, or mass timber) has
proliferated. In 2019, a report by Arup identified that there were hundreds of
timber structures in the UK (shown in Figure 2.2), starting from zero in 2000,
with governments around the globe making plans to allow tall timber
construction [26]. By 2018 there were too many such structures to allow an
audit (e.g. a recent publication identified 100 structures only in central London
[27]).

In parallel and/or inspired by Green’s idea several other projects developed. A
few examples are Forte Living, The Cube, Dalston Works, The Treet (Norway),
Brock Commons [28] (shown in Figure 2.3 - Figure 2.5). In Brisbane, AU, K5
is a new addition to tall timber buildings [29].

Of particular interest with respect to the promotion of timber buildings is the
London Borough of Hackney — which ran a campaign to promote timber
construction [30]. Due to this action, various buildings have been erected in

this neighbourhood, using timber as the main structural component.

Figure 2.3 - Figure 2.5 show the internal arrangements of several of these
buildings. It is notable that in some cases the structural timber is not visible,
while in other cases some (or all) of the timber is exposed. Figure 2.5 shows

Brock Commons during construction.

12
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Key
» Commarcial

Educational
# Public/Civic
& Residential

Figure 2.2. Map of the UK indicating locations where CLT case studies are
applicable [27].

(a) (b)

Figure 2.3. (a) Room inside The Cube [31]; (b) Room inside Dalston Works [15].

13
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(a) (b)

Figure 2.4. (a) Room inside Forte Living [18]; (b) Room inside The Treet [32].

Figure 2.5. The interior of Brock Commons under construction [33].

14
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2.2 Regulation of Fire Hazards

As previously demonstrated, timber has already been used in different
occasions to create structures — from low-, to mid-, and high-rise buildings.
Timber is a combustible material and therefore presents different fire hazards
to other structural materials such as steel or concrete. It has the potential to
become involved (at least partially) during an enclosure fire.

Mass timber elements are typically held together by adhesive. This is used to
glue together the pieces of timber into one structural element. The adhesive
can be affected at elevated temperatures (approximately 135-150 °C for
melamine-urea formaldehyde as shown in the work of Wiesner et al. [12]),
leading to change in structural behaviour — or, in certain cases, also
delamination. This effect of temperature on the adhesive's performance is
dependent on the type of adhesive used. Wiesner et al. presented different
testing methods used worldwide for the assessment of the adhesive
performance [11]. In parallel to this work, Wiesner and co-workers presented
the shear failure changes of CLT at different temperatures; a shift of failure,
from the second lamellae to the glue line, as testing temperature increased
was recorded [12]. The temperature which affects the glue line is dependent

on the adhesive.

A fire of long duration can lead to breach of compartmentation by
compromising the integrity of doors, windows, or walls of the compartment
and/or joints of elements. This can lead to external fire spread on the building,

originating from the burning compartment.

During a fire, timber will pyrolyse, emitting flammable gases in (or in some
cases even out of) the compartment. As a consequence of this release, there
is a strong feedback loop between the structural material, and the fire

dynamics.

The fire dynamics within the compartment has been the subject of several
studies [34]-[38]. The focus of these studies was on the behaviour of

compartment fires in general; apart from the first two, the rest of the

15
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aforementioned studies were additionally focused on the effect of the timber
presence in the compartment space. For the latter set of studies, the auto-
extinction of timber was of primary interest. Hadden et al. [36] described a
series of large-scale experiments conducted to investigate the effect of timber
presence and orientation in the compartment space. Bartlett et al. [37] worked
on the same dataset examining the factors affecting auto-extinction. Emberley
et al. [38] conducted a similar large-scale experiment, complimented by bench-
scale experiments; the experiment was designed so that exposed timber would
achieve burnout after the imposed fuel load (wood cribs) was consumed.

Excess pyrolysate in the compartment increases the overall potential-to-burn
gases. If all the flammable gases cannot be consumed inside the enclosure,
they will be ejected out of the openings of the compartment and burn on the
exterior of the compartment. Considering CLT products, if the first layer

delaminates and falls off, this increases further the available fuel in the room.

Unburnt fuel exiting the compartment openings could change the intensity of
convective and radiative heating; it can also affect the duration of external
burning. External flaming and smoke can heat up the building’s cladding (or
external surface in general) and/or ignite the contents of rooms with a view to
the external plume. The hazard of external fire spread — due to radiative
heating mainly — is also present for adjacent/neighbouring buildings exposed

to the openings of the compartment of fire origin.

The introduction of timber within the fire compartment therefore suggests that
the fire spread hazard may be changed compared to conventional
construction. This raises several critical questions: 1) what are the physical
processes that arise from the introduction of timber into the compartment; 2)
how do these affect the hazard associated with conventional building
materials; 3) given the regulatory context do these changes have any material

impact on the level of safety delivered by existing methods for design.

To formulate an answer to these questions, the regulatory background is first

reviewed. Many of the experimental and testing programmes, which led to the

16
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present understanding of the physical processes that control fire spread,

emerge from the regulatory review.

2.2.1 External fire spread

In the event of a compartment fire, a building that has an opening on an

external wall has the potential for external fire spread.

- If the compartment’s openings are sufficiently large to provide enough
oxygen to consume all the combustible gases inside, the burning will
happen inside, and a hot smoke plume will vent out of the opening. This
is termed as over-ventilated compartment fire (shown in Figure 2.6 (a)).

- If the compartment’s openings are too small or the pyrolysis rate is
higher than the combustion rate, unburnt combustible gases will exit the
compartment through the opening. In this case, the external plume
consists of both flames and smoke. This is termed as under-ventilated

compartment fire (shown in Figure 2.6 (b)).

Under-ventilated fire

(;’:‘:;‘g:g:agz?n?;;) (burning in the external plume)

(a) (b)

Figure 2.6. (a) Well-ventilated compartment fire (no burning on the exterior of the
opening); (b) Under-ventilated compartment fire (combustible gases burning outside
the opening). (modified picture [39])

External fire spread can occur due to convective and radiative heating from
the external plume onto the building of fire origin. Flaming in the plume creates

a higher incident heat flux (especially through impinging of flames onto

17
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materials) on the facade; this raises the level of the potential hazard for vertical

fire spread onto the building of origin.

In addition, the openings of a burning compartment and the external plume,
spilling out of the burning compartment, are responsible for the irradiance to
adjacent buildings. The heat flux provided by the opening and plume can lead
to ignition of materials in adjacent buildings; this is the source of horizontal fire
spread from the building of origin.

There are therefore two categories of external fire spread: horizontal fire
spread (i.e. building-to-building); and vertical fire spread (floor-to-floor). This
terminology will be adopted for the remainder of this thesis.

One of the following scenarios can occur in a compartment fire.

e The compartment remains sealed; the heat losses through walls/ceiling
are higher than the produced heat, leading to lower burning rates,
reducing the produced pyrolysate and eventually auto-extinction;

e There is a link of the compartment with the interior of the building
through an opening; flame and smoke are spread towards the interior.
This can lead to an internal fire spread within a building, or a "travelling
fire" [40];

e The compartment remains sealed; the heat losses are lower than the
generated heat. This leads to more pyrolysate production and awaiting
to be mixed with fresh air through an opening, when that occurs
(voluntarily or involuntarily). This can lead to a backdraught [41];

e There is an opening of the compartment to the exterior of the building;
there is a fresh-air supply into the compartment. Smoke (and potentially
flames) emerge from the opening and preheat surrounding materials;
ignition can occur if the flammability conditions for the surrounding

materials are reached.

The final two sub-categories can lead to external fire spread.

18
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2.2.2 Building-to-building fire spread from a historical perspective

External fire spread from buildings is not a newly found concept or occurring
phenomenon. On the contrary, as noted in the introduction, some significant

historic fires happened due to external fire spread from building-to-building.

In 64 A.D. the Great Fire of Rome occurred. The fire started from the shops in
the Circus Maximus and spread through the city; by the end of the great fire,
10 out of 14 districts of Rome burnt down [42]. Structures in this area of Rome
were built in a rush, meaning no urban planning — a reason for narrow spaces
between buildings [43]. The tight space between buildings, in addition to the
dry summer weather (leading to dried building material and contents),

promoted the spread between buildings throughout Rome.

The Great Fire of London spread rapidly in the autumn of 1666; according to
sources [44], it lasted for almost 5 days; a total of 13,200 houses, 87 churches
were in ruin after the fire. It is mentioned that the buildings of the area of the
initial fire incident were made from timber; complimenting the timber presence,
the proximity between estates aided the spread from building-to-building.
There was also an abundance of fuel in the buildings. This fuel was in the form
of: structural timber frame; pitch and thatched roofs on the exterior; contents
in the buildings like oil and rope.

The Great Chicago Fire broke in October of 1871; it burnt for 3 days and
claimed more than 17,000 buildings [5]. The fire started and spread from the
building of origin (the O'Leary estate) north and east, to the city center area.
The legend blames Mrs. O'Leary's cow for triggering this devastating event
(Figure 2.7). Structures in the neighbourhood were built from timber, stone and
brick. Unbuilt land and the lake (alongside the rain) played an integral role in
stopping the fire spread from the southern to the northern part of Chicago [45].
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atnses CAUSE OF WHE EREBAT CHICATD FIRE OCW.D*1871.

A WARNING TO ALL WHO USE KEROSENE LAMPS

Figure 2.7. The famous depiction of Mrs. O’Leary and her cow as the reason for the
Great Chicago Fire [46].

One can say that a sense of "fire safety engineering" was developed due to
these devastating events. Examining the example of Rome, a paradigm shift
occurred in the building construction process. People started to build more with
bricks instead of timber; less narrow arrangement was followed in the newly
built buildings [3].

In London, active fire-fighting measures were present ever since the incident.
The city was divided into sections for fire-fighting assistance; a number of
buckets was available for each section; fire places were safety-inspected twice
a year [4]. The greatest achievement for the city was the founding of a fire
brigade, 14 years after the incident [4] privately funded by insurance
companies. It was in 1833 that the London Fire Engine Establishment was
formed. This was 9 years after the first organised municipal fire brigade was
established; it was the Edinburgh Fire Engine Establishment, in Edinburgh,
Scotland. James Braidwood served as a superintendent in the London Fire
Engine Establishment due to his years of experience in the Edinburgh fire
brigade [47].
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Finally, as for the aftermath of the Great Chicago Fire, the building code that
followed at the time demanded the presence on non-combustibles (e.g. brick,
stone, marble, limestone) [48]. In addition to this, the Chicago Fire Academy

was built in the place where the incident began — the O'Leary estate [48].

It is evident from these events that external fire spread, at its most extreme,
can result in devastating urban conflagrations. The authorities in each case
learned from these events and implemented regulations to mitigate the hazard.
Passive (materials used on the buildings) and active (fire brigade force/training
facilities/fire strategy) measures of fire safety were established as a response
to these events. These measures, while effective, are evidence of an approach
to construction known as 'design by disaster' [49].

2.2.3 Studies on horizontal fire spread

Although urban conflagrations had led to an advance in human understanding
about measures to prevent building-to-building fire spread, it was not until
World War Il that this became the subject of more systematic fire scientific
study. Following WWII, work in this area continued (although in the interests
of building safety, rather than urban destruction). Key researchers in this area
at this time were: Law [50]; Kawagoe [51]; Ashton and Malhotra [52]; Webster
and Raftery [53]; and McGuire [54].

These researchers established many of the physical processes associated
with fire spread. Their work also led to the creation of various regulatory
approaches, which are the focus of this section. This section will therefore
focus on what was done, and what was concluded from a regulatory

perspective — rather than presenting the physical processes.

2.2.3.1 The St. Lawrence Burns

In 1958 the village of Auntsville was amongst the ones selected for the St.
Lawrence Power Project, a project to flood a large area for the creation of a
hydro-electric plant [55]. Given the opportunity, the Division of Building
Research of the National Research Council of Canada suggested and finally

was granted approval to run fire related experiments on selected buildings.
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Part of the purpose of these experiments was to gain understanding on

building-to-building fire spread [54].

Different building types were available; combustible and non-combustible
linings were applicable on the different buildings; the same applied for the
cladding materials; measurement of irradiance from the burning building
openings was done by radiometers (Figure 2.8 is an example of the

experiments).

In the process of these experiments, the experimental methodology was
optimised. Parts of the building that could ignite prematurely were managed

accordingly.
Lessons learnt from this project were:

e the effect of wind passing through the building on changing the fire
spread hazard,

¢ the effect of the presence of combustible materials, as linings and as
cladding, on the external flaming and the external heat flux from the
burning building;

e measurement techniques to obtain radiant heat flux data (Figure 2.9),
and correlation of the measured values between the devices at the
opening, using the concept of the configuration factors [56];

e development of the buildings that were used in the experimentation in
order to minimise introduced errors/uncertainties from the original
structure (i.e. removing materials from the building such as balconies,

porches, etc.);
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The aforementioned experiments — with measurements and observations —
helped to enhance the understanding of the requirements for spatial

separation.

2.2.3.2 Webster and Raftery

C.T. Webster and Monica Raftery published a report on a series of multi-scale
experimentation [53]. This was part of a programme to study the burning rate

of wood cribs and other variables’ changes in a burning compartment.

Three different cubic boxes were used in these experiments (1, 2, and 3 feet
a side, respectively). Direct radiation measurements were performed above
the compartment opening and opposite the opening; the height of the former

and the distance of the latter from the opening varied [53].

Webster and Raftery report peak radiation intensities over the opening
approximately simultaneously to the peak external flame height. Opposite the
compartment, radiation measurements appeared to increase in a linear
fashion with the mass loss rate. Additionally, the box size seemed to have an
effect on the time that the peak radiant intensity occurred, alongside the mass

burning rate.

Although wood cribs in an enclosure showed little sensitivity to scale changes,
the authors reported significant effects of scale to the radiation values, making
it difficult to extrapolate large scale response from small scale data [53].

2.2.3.3 Kawagoe

Kawagoe's experimental programme [51] was pioneering at the time it was
conducted. Previous work in fire safety in Japan, before the WWII, included
only two studies; the fire test in Dojunkai apartment house by Tokyo University,
and the Premium House sponsored by Osaka City. The study aimed to develop
a way to estimate the fire duration based on the fire load and the compartment

ventilation opening's geometry.
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Experiments were conducted in various different scales; nevertheless,

radiation measurements were reported only in some of the cases.

The key observations were that the irradiance peaked at the time that
temperatures peaked. However, radiation presented a longer growth and a
shorter decay period compared with the temperatures measured. Peak
measured irradiance values ranged with scale, which comes in support of

Webster and Raftery's observation [53].

A qualitative assessment was carried out for the stage of the fire; paints on the
walls were used, with a colour change of the paint indicating fire had
reached/passed that point of the building (or the adjacent building).

Kawagoe's work contributed to relate the ventilation conditions to the fire

duration with his observations that 7, ~ 0.54,,vVH.

2.2.3.4 Marqgaret Law

Margaret Law was a fire scientist at the Fire Research Station since 1952, a
position she held for over 20 years. In 1963, she wrote Technical Paper No. 5
for the heat transfer by radiation from fires and building separation
requirements [48]. In her report, she attempted to shed some light into the
necessities for building design requirements and how these could be
presented to designers. Her criterion was that the proposed guidelines should
have been "equation free" [57, p. 1]; any reference made for building
separation distances should have been made with respect to the relevant

boundary and not a building beyond the boundary.

In her pioneering work, after presenting the limitation criteria for the proposed
methodology (e.g. minimum intensity of incident heat flux for piloted ignition),
she proceeded to introduce the theoretical background for this methodology
(i.e. heat transfer by radiation). The aforementioned works [51]-[53] were

integrated in Law's meta-analysis, as presented in Figure 2.10.
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Figure 2.10. Correlation of peak radiative intensity and fire load (modified Fig. 2 from
[50)).

Margaret Law introduced to the civil and fire safety engineering community a
simple method — the enclosing rectangle method — to estimate separation
distances for normal and low intensity fires, simply by using a diagram; this
method is applicable of different opening scenarios and orientations of the

buildings.

In order to use the enclosing rectangle method, the temperature of the radiator,
i.e. the burning compartment, was needed. Law had to correlate the
temperature of the opening (the radiator) with some variable change for the

compartment.

Radiative power can be expressed as a function of the temperature of the

radiating body as follows:
I = eoT* (1)

where I is the radiative heat flux [kW/m?]; ¢ is the emissivity [-]; o is the Stefan-
Boltzmann constant and equal to 5.670367 - 1078 [W/(m?-K#)]; T is the absolute

temperature of the radiator [K].
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To determine an appropriate temperature for that radiating body, Law
observed that changes of the ventilation factor AVH resulted in different peak

temperatures (Figure 2.11).

Nevertheless, the ventilation factor was not the only variable affecting the peak
temperature of the radiating body. Observation of Figure 2.10 showed that the
available fire load was also relevant to the maximum potential temperature for
the room; specifically, the ratio of available fire load to the ventilation factor.
Threshold values for both the ventilation factor (5 m>?) and the fire load (25
kg/m?) were derived; values lower than these thresholds delivered lower peak

radiative intensity (Figure 2.10).

Temperature — although dominant — is not the only factor to affect the radiant
heat flux; the emissivity of the radiating surface is also required in the
calculation. Law explicitly stated that this method entailed a lot of
simplifications since the engineers applying it could not be fire safety

engineers, but civil or mechanical engineers.
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27



External fire spread from timber lined compartments

A few key rules have to be set first to capture all aspects of this method.

1. The fire is developed and considered to be contained within the bounds
of one compartment (comprised of one or multiple spaces). The
compartment constitutes the radiating body;

2. The surface of the radiating body depends on the total area of the
openings of one compartment;

3. Physical holes on the external wall (e.g. windows, balcony doors, etc.),
parts of the external wall with lower fire resistance, and combustible
parts of the external wall are considered as openings. This is due to the
fact that these can potentially contribute to horizontal fire spread
through radiation, once they ignite;

4. The source of maximum potential hazard is considered the
compartment with the largest opening area.

Law understood that this method, considering a compartment of any size fully
involved in the fire, was an over-estimation; however, she disregarded the
contribution of the flames. A proposed work-around, without changing the
whole method, was to assign an effective window area to account for the

potential external flaming.

2.2.4 The requlatory aspect of Law’s work

The modern day regulatory system in England and Wales (expressed as
guidance through the Approved Documents in England) incorporates bits of
the theoretical and actual concepts developed by Margaret Law in [50] in the
Approved Documents B, vol. 1, 2 ([58], [59] respectively). This is evident by
the use of the notional boundary, and the "enclosing rectangle" method, which

are found in the regulatory text.

The notional boundary method was adopted in the guideline; it is the imaginary
line used instead of a distance between buildings to define the separation
between them. For a calculated separation distance, the length is halved to

get the minimum allowed distance from the notional boundary. A building can
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be built at a distance equal or greater to that; otherwise, a workaround to a
distance smaller than the one from the notional boundary entails modifications
in the design to minimise the amount of unprotected areas of the building

towards that boundary.

A fire in a compartment radiates heat to its surroundings. The enclosing
rectangle method assumes that heat is emitted only through the opening,
disregarding the contribution of the external plume. The underestimation of the
plume's contribution was considered to be covered by the overestimation of
the contribution of the opening. This allowed to use the opening's geometry as
a simplified way to estimate heat fluxes on targets around the compartment of

fire origin.

Additionally, Chitty based his recent work for the BRE, entitled External fire
spread: Building separation and boundary distances [60], on Law's method.
The work of Chitty was informed primarily by Law's source material for [50]; he
suggested additional methods (i.e., the aggregate notional area or protractor
method) to calculate the requirements for the separation distance, expanding
on Law's method. Chitty provided some cases studies to demonstrate the

application of the method.

2.2.5 Studies on vertical fire spread

Listing the first studies on vertical fire spread, one has to first differentiate
between two different cases: floor-to-floor fire spread through openings and

vertical flame spread on the cladding materials.

2.2.5.1 Floor-to-floor fire spread

As described above, horizontal fire spread is a phenomenon that drew the
public eye since the time of the Roman Empire. However, it was not until the
proliferation of taller construction that vertical fire spread was systematically
studied.

The Fire Grading of Buildings report, from 1946 [61], established provisions for
floor-to-floor fire spread — though these were not deemed strictly necessary to

be applied to all buildings. These provisions entailed a wall over a window
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(from lintel to sill), with a fire resistance equal to the one demanded for the rest

of the external walls.

In 1956 Ashton, in an attempt to investigate the contribution of spandrel panels
and balconies to the prevention of fire spread, described an experimental
series design in Fire Research Note 279 [62]. Following up on his previous
work, Ashton and Malhotra, as members of the Fire Research Station at BRE,
conducted a series of small and large scale experiments to assess the level of
hazard (and the proposed countermeasures from the regulation in 1960 [52])
utilising the building previously described in [62]. Their study aimed to
determine whether the regulations were realistically considering the hazard of
external fire spread from burning rooms, or they were in need of an update,

towards relaxation of proposed actions.

The experimental programme in Fire Research Note 436 [52] involved large
scale compartment fire experiments (Figure 2.12). In addition to the design
plans of the used rig, footage of the experiments conducted with it are available
online [63].

Although radiative heat transfer was a source of energy transfer to the
elements of the mock building, no direct measurements were made; instead,
temperature data were recorded. A variety of fire loads, window sizes, spandrel

panel and balcony presence were examined [52].
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Figure 2.12. Elevation of the experimental setup (modified from [52]); the
dimensions are in feet/inches.

Key observations of the research are listed below.

e The height of external flaming was proportional to the mass burning rate
in well-ventilated compartment fires;

e For under-ventilated compartments, the ventilation opening dimensions
were considered to be the driving factor for the burning rate;

e The potential of glazing failure due to flaming externally seemed to
increase with longer duration;

¢ Non-combustible materials sustained comparable damage whether
used as cladding or lining;

e Combustible cladding materials (i.e. timber) of significant thickness
presented resistance to re-ignition, after the formation of a thick char
layer;

e Dimensions of spandrel panels and balconies were proven ineffective

to deflect flames away from the building.
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In conclusion of Ashton and Malhotra's work, they noted that the distance of
windows between two floors, based on the laws of 1960, was not sufficient to
prevent fire spread. Additionally, spandrel panel and balcony's dimensions
were not proven adequate to prevent fire spread. Finally, the use of
non-combustible or timber cladding (thickness not less than %2 in.=12.7 mm)
was thought to have a negligible effect in external fire spread; material other
than timber needed to be assessed separately to draw a conclusion. Due to
these, they proposed a relaxation on the regulatory requirements, as elements
that were supposed to be effective against fire spread, were proven

inadequate. A recent study discussed this specific topic [64].

Working in the same organisation with Ashton and Malhotra, Webster and
Raftery included measurements of irradiance on the external wall over an
opening for their experimental series, complementing previous work with their
dataset [53].

Yokoi was driven by requirements in Japan for improved understanding of the
burning of television towers and external fire spread from room fires. He
contributed with his study of upward hot currents, informing on the trajectory

of the ejected gases from compartment openings [65].

The National Research Council of Canada conducted a project entitled "Fire
spread via exterior walls of buildings"” [66]. It was in this study that Yung and
Oleszkiewicz acquired a qualitative understanding of vertical spread from
burning in the plume. Additionally, they were able to record the flame behaviour
when applying a horizontal obstruction (i.e. balcony) and vertical wall
extensions (e.g. shadings, building protrusions); the former provided a
deflection of the flame whereas the latter channeled the flame to a higher level,

due to lack of needed oxygen to burn the volatiles.

2.2.5.2 Vertical fire spread on cladding

Modern building materials, such as polymers, gave the opportunity to achieve
new forms of the exterior or higher insulation to protect the interior from

weather conditions; that came with a price — new hazards of fire spread for the
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external wall arose. An alternate hazard is the spreading of fire on these

cladding materials and/or material of the external wall assembly.

Since fire spread on the cladding materials is a relatively newly established

hazard, research on the subject tends to originate from more recent work.

The 1988 NRC project entailed more than just floor-to-floor fire spread; Yung
and Oleszkiewicz were also concerned with combustible material included on
the facade [66]. As a preliminary result, the research concluded that
combustible materials with some form of protection like aluminium siding with

gypsum plasterboard provide a delay on the flame propagation upwards.

Building on this work, Oleszkiewicz realised that "the hazard is extremely high
for very tall buildings because a wall fire may extend beyond the reach of fire
services" [67]. He explored flame propagation onto the combustible cladding.
Certain combustible materials could support infinite vertical fire spread.
Reduced scale tests on flame spread on facades were questioned through this
work; only full-scale tests were deemed appropriate to assess acceptability of

cladding assemblies.

In Lund, Julia Ondrus performed a series of experiments with different types
of thermal insulation on the cladding [68]. She attempted to assess a relative
level of performance between different external insulation systems. Her
deduction was that layering of materials on the wall exterior and geometrical
characteristics were more important than the ignitability of each separate
component. She too, as did Oleszkiewicz, concluded for the importance to use
pass/fail criteria only on full-scale tests for the system as installed on the
building.

2.3 A physics-based approach to external fire spread

The external fire spread from a compartment fire can be examined from two
scopes. The first would be to consider the compartment; this would mean the
energy and mass balance. The second scope would be to consider the

external plume; that is, its behaviour and factors that affect it.
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2.3.1 The energy and mass balance of the compartment fire

To understand the energy and mass balance of a compartment fire we first
have to consider everything that happens in the control volume of the

compartment.

2.3.1.1 The energy balance

el

Figure 2.13. Sketches of: (a) well-ventilated; and (b) under-ventilated compartments.

Materials are ignited in a compartment; materials pyrolyse to flammable gases.
The pyrolysis gases burn; from the burning process energy is released to the
surroundings in the form of heat and light. If the incident heat flux on the
burning or the surrounding materials is sufficient, it promotes the pyrolysis
process, which leads to more volatiles. The volatiles, in turn, can oxidise and
create further heat and light; all these create a feedback loop that aids the fire

development.

Once we have the chemical energy released in the form of heat from the
materials, one has to consider the energy losses from the combustion process
to the surroundings. Heat losses can come in three forms: conduction;

convection; and radiation.

The flames emit radiation to the surrounding walls of the compartment, the fuel
bed, and through the openings; the compartment walls radiate towards the
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flame as well. Heat is transferred, through radiation, from the "hotter" to the

"colder” radiating surface.

As for the convective component, the fluid mechanics of the compartment fire
need to be investigated. Fresh air enters the compartment space through
openings; the air is entrained in the fire plume envelope, providing a convective
cooling to the plume. The hot gases, through buoyancy and pressure, induce
momentum and exit the compartment through the openings, providing further

heat losses to the internal burning.

Finally, the conductive component needs to be considered. Conduction
through the floor —in direct contact with the fuel load — promotes a small portion
of losses. More significant conductive losses happen through the walls and
ceiling; at this point it is important to note that these elements are convectively

heated from the moving flames and hot gases in the compartment.

Moving beyond the classic heat transfer mechanisms, stored energy must also
be considered. This is stored in the elements comprising the compartment
boundaries (i.e. walls, floor, and ceiling); moreover, energy can also be stored
in the gases from the combustion process. Nevertheless, the amount of energy
that can be stored in the gas mass is notably lower than the energy stored in
the solid elements of the compartment and usually disregarded from the

calculations.

In equation form, the aforementioned parameters would be represented as

follows:

Qc = Qcond + Qconv + Qrad + Qst,s + Qst,g (2)

where Q. is the heat release rate due to combustion of the fuel [KW]; Qonq are
the conduction losses through the compartment boundaries [KW]; Q.ony are the
convective losses through openings [KW]; Q,,4 are the radiative losses [kKW];
and Qs and Qst,g are the expressions of stored energy in the solids and gases

of the compartment fire respectively [kKW].
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In 1972, the research outcome of a round-robin series of compartment fires
across laboratories in different countries was published. This experimental
programme was proposed by D.I. Lawson, director at the time of the Fire
Research Station, and the laboratories were part of the Conseil International
du Batiment (CIB). Variables such as compartment shape, scale, ventilation
openings, fire load density, and wind were considered. As part of the findings,
Thomas and Heselden defined the opening factor O for a compartment as
follows [69]:

- AW\/E (3)

where A, [m?] is the internal area of the compartment excluding the floor (as
this is where the fuel is assumed to be, and thus an area of heat generation,
not losses) and any openings, 4,, [m?] is the area of the openings, and H [m]
is the opening height. The opening factor is a representation of the energy
balance in the compartment control volume between the heat losses through
conduction into the solid boundaries of the compartment (represented by A4,),

and the heat losses by convection and radiation through the compartment

openings (represented by 4,,VH).

2.3.1.2 The mass balance

In the most basic concept, the mass balance refers to mass of material

entering and mass of materials exiting the compartment space.

Starting from the latter, the materials exiting the compartment space will be
products of combustion, or non-reacting by-products. Exiting materials can be
found in the following categories:

e Carbon dioxide, as a product of complete combustion;

e Water in the form of steam, additionally as a product of combustion;

e Carbon monoxide in the case the combustion process in the
compartment space is incomplete;

e Unburnt oxygen;

e Nitrogen;

36



Chapter 2 — Literature review

e Carbon particles (soot), again as a product of incomplete combustion;
e Fuel that did not react inside the compartment;
e Other particles, which were part of the materials in the compartment,

and can (or cannot) react with oxygen in the presence of heat.

Butcher et al. demonstrated that external flaming, and thus potentially mass
transfer, is affected by the fuel load, but also the fuel location in the
compartment [70]. In their experiments, fuel that was placed on the ceiling
exhibited external flaming; this was particularly interesting, since experiments
with similar and/or higher fuel load placed on the compartment floor did not

present external flaming.

Based on the information presented so far, it becomes apparent that
qguantifying the mass of unburnt fuel exiting the compartment (if this is the case)
is of interest, when studying the external fire spread. Researchers in the past,
in an attempt to quantify the exiting fuel, formulated two terms: (1) the excess
fuel factor; and (2) the global equivalence ratio. These two concepts are

explained in the following text.

2.3.1.2.1 The excess fuel factor

The excess fuel factor was introduced as a concept of quantifying how much
unburnt fuel exits a compartment during a fire [71]. It provides a way to
differentiate among various compartment fires. Theoretically it could provide
insight into the level of potential external fire spread hazard. The equation for

the excess fuel factor is shown below.

fex=1——"— (4)

where f,, is the excess fuel factor [-]; m, is the rate of air inflow in the
compartment [kg/s]; 7, is the stoichiometric air-to-fuel ratio [-] for the type of
fuel (or fuels) present; and my is the mass loss rate of the fuel [kg/s]. The

stoichiometric ratio is determined based on the material burning and how much

oxygen is required to burn everything, without excess oxygen remaining after
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the combustion process. In this sense, the material chemistry determines the

required oxygen, and effectively the stoichiometric ratio.

The excess fuel factor indicates when the compartment is under-ventilated;
under-ventilated conditions mean that any fuel produced in excess will have to
burn outside the compartment area. To understand meaning of different values
of the term, negative values (with a maximum of -1) indicate well-ventilated
conditions; zero value indicates stoichiometric burning; positive values (with a

maximum of 1) indicate under-ventilated conditions.

2.3.1.2.2 The global equivalence ratio

A similar term to the concept of the excess fuel factor is the global equivalence
ratio (GER) [72]:
My

gDP = marfa (5)

where ¢, is the global equivalence ratio [-]; and r¢, is the stoichiometric fuel-
to-air ratio [-] for the type of fuel (or fuels) present (this is the inverse term of

Taf).

A zero-value GER indicates that no burning is taking place; a GER of unity
indicates stoichiometric burning conditions (all fuel is consumed in the
compartment); a GER above one indicates that some fuel must exit the
compartment to be able to oxidise. It should be noted that, while excess fuel
factor and GER indicate the degree to which fuel may burn within the
compartment, it does not follow that the fuel does burn within the compartment.
Only in a perfectly well-mixed reactor would it be reasonable to assume that at
GER of 1.0 would result in no external flaming. In reality, either flame
extensions of the internal fire plume or slow mixing times, and mass transport
of fuel will lead to external flaming from a compartment for values of GER less
than 1.0.

It has been exhibited in a previous publication of this project [73], if no
measurements of combustion efficiency are made, complete combustion

cannot be assured that have happened during an experiment (or a real fire
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scenario); in fact, it is considered unlikely that stoichiometric conditions will be
applicable during a compartment fire. This introduces a maximum error of +1
to the GER value by the assumption of stoichiometric burning. This means
that, potentially, no fuel is consumed inside the compartment, which can be
confirmed or disproved with visual observation (i.e., if there are flames inside
the compartment, fuel is being consumed within, meaning the introduced error
is less than +1). Due to this fact, GER (and excess fuel factor) can serve as a
useful first approximation of the potential for external flaming — but not
necessarily as a predictor for external flaming.

Asimakopoulou et al. used the GER in their work as an identifier of under-
ventilated condition in their compartment experiments [74]. The fact that the
excess fuel factor (as well as GER) serves as an indicator is illustrated by
Drysdale [75, p. 405] where it is shown that there is some correlation between
excess fuel exiting the compartment with the heat flux measured above the

compartment.

2.3.2 The external plume

The theoretical basis for the external plume was set by Yokoi in the 1960's
[65]. Through his methodical research, correlations were formed for the
temperatures of the external plume from a compartment fire. Both medium-
and large-scale experiments were conducted; the former served as guidance
for the formation of the correlations; the latter as a validation of the correlations.
Where a derivation of unknown variables was not possible, he performed

experiments to extract empirical values for his correlations.

Yokoi ran various experimental programmes; each of them served different
purposes in developing an understanding for fire plumes. He approached the
subject of fire and smoke plumes both as an upward (vertical) current and as

an ejected (horizontal and vertical) current.

2.3.2.1 The rising plume

As a first approach, the origins of the rising plume were: 1) a point heat source

(wick alcohol lamps) and; 2) an infinite line heat source during his initial
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approach. For these two different heat sources, he derived the equations for
temperature and upward velocity as functions of the convective heat release

rate (convective heat output).
Yokoi used the following general equations:
Equation of Motion

ow  ow _ gAd X ’w 10w

Yoz tVar T e, arz Y or ©)
Equation of Heat Continuity
W6_9+v6_9=ﬂ+li(1(,r6_9) (7)
0z or 6, ror or
Equation of Continuity
%%(ru)+%—vzv=0 (8)

where w is the vertical velocity [m/s]; v is the horizontal velocity [m/s]; z is the
vertical distance of the point of interest from the fuel source [m]; r is the radial
distance of the point of interest from the fuel source [m]; 46 is the temperature
difference of the point of interest from ambient temperature [K]; 6, is the
ambient temperature [K]; K is a coefficient of eddy viscosity (m?); K’ is a

coefficient of eddy diffusivity (m?).

These equations led to formulas of temperature and velocity for the case of a
point and the case of an infinite line heat source (namely equations 1.114 and
1.115, and 1.125 and 1.126 respectively from [65], as shown in Figure 2.14).
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Figure 2.14. Equations for (a) point and (b) line heat source from Yokoi [76].

For Figure 2.14, w is the velocity at the centreline of the plume [m/s]; 46 is the
temperature difference (plume temperature minus ambient temperature)
across the plume centreline [K]; Q is the convective heat output [W]; 6, is the
ambient temperature [K]; ¢, is the specific heat of the hot gas [J/(kg-K)]; p is
the hot gas density [kg/m3]; g is the gravitational acceleration [m/s?]. The ‘r
variable in the equations of Figure 2.14 (a) represents the radius from the point
heat source; the ‘y’ variable corresponds to distance from the line burner (in
Figure 2.14 (b)).

When the convective heat quantity (i.e. Q) Of the source is given, the
aforementioned equations can produce temperature and velocity results at any

point of the rising plume.

Following the work on the rising plume (a phenomenon concerning buoyancy),
the momentum component of an ejected (spill) plume was considered by

Yokoi. A set of 60 experiments was performed. The setup was a box with two
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openings in the same direction; one of them served as an inlet where air was
blown in by a fan; on the other one orifices of circular and rectangular shapes
were installed; the size of the orifice varied between experiments. The initial

velocity at the outlet was another variable.

2.3.2.1.1 Circular orifices

Yokoi considered that a relationship should exist between the ratio of the
velocity at any point away from the outlet to the velocity at the outlet of the box,
and the ratio of the distance from the outlet to the radius of the orifice. It was
found that up to a distance equal to ten times the orifice radius, the velocity

was equal to the velocity of the outlet; beyond that point, the velocity has a

relationship with the distance from the orifice — = 1‘;& , Where v is the velocity

Vo
at distance x [m/s]; v, is the velocity at the orifice [m/s]; r, is the radius of the
circular orifice [m]; x is the distance from the orifice that velocity v is
measured/calculated [m]. The proportional relationship of velocity to distance
on the second region is the same as for the turbulent jet ejected from a point

source.
100
]
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Figure 2.15. (a) Velocity distribution from a circular orifice; (b) Velocity distribution
from a rectangular orifice (both figures from [65]).

This very distinct "jump" from one state to the next is shown in Figure 2.15 (a).
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2.3.2.1.2 Rectangular orifice

In the case of the rectangular orifices, three regions appeared to form as the
distance from the orifice grew larger. The 15t and 3" regions seem to follow the
same rules as in the case of the circular orifice; the 2" region has a
proportionality of velocity reduction to distance from the orifice similar to a
turbulent jet spreading from an infinite line source. The proportionality of the
point source jet is the most stable one, hence the 3™ region has the same

correlation.

An equivalent radius is proposed; essentially, an equivalent disc area is
calculated, with an adjustment or shape factor (n) accounting for the
rectangular opening's slenderness (see Table 2.1 of [65]); this factor was
empirically formulated from observations of rectangular orifices. Using the

equivalent radius of a circular orifice r,, the following equations were formed.

_ 8857
X < V=D
vn ’
8.857, 2.98
N <x<1l3rpVn  cv=220 0 9)
x > 11.3rvn Ly = 00

X

Through the understanding of the rising plume from an unobstructed fire Yokoi
aimed to develop the relationships for the ejected plume from a compartment
fire. Following the work of the velocity distribution from circular and rectangular
orifices, he performed experiments to empirically fill gaps that he could not
derive for the temperature distribution above a circular burning pan. Once
correlations were formed for the circular pan, an extension for rectangular

pans, based on the law of similarity, was developed.

Yokoi did a dimensional analysis for the case of the rising plumes. There is a
relationship between velocity and temperature difference with a power of the
heat release rate. To formulate something useful, a non-dimensional velocity
(W) and temperature (@) were introduced (equations shown below

respectively).
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wr,l/3

3| Q26, 11

where w is the velocity at the centreline of the plume [m/s]; 46 is the
temperature difference (plume temperature minus ambient temperature)
across the plume centreline [K]; r, radius of the orifice (or the equivalent radius
in the case of rectangular orifice) [m]; Q is the convective heat output [W]; 6,
is the ambient temperature [K]; ¢, is the specific heat of the hot gas [J/(kg-K)];

p is the hot gas density [kg/m3]; g is the gravitational acceleration [m/s?].
Two different types of heat source surfaces were used:

e a continuous heat surface (a pan of alcohol);

e adiscontinuous heat source (wicks forming concentric circles).

The horizontal temperature distribution over height was measured and plotted

as shown in Figure 2.16.
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Figure 2.16. Horizontal distribution of temperature above circular heat source
(reproduced from the original Figure 3.2 in [65]).

There are two domains/types as to the horizontal distribution of temperatures
from a rising plume; these are separated around z/r, = 2.5. For heights below
that, the rising plume does not spread widely; for heights above that, the plume
spreads as if it originated from a point heat source, with the centre positioned

in the centre of the circular source.

A similar approach can be applied to the case of a rectangular heat source.
The circular heat source differs from the rectangular in the sense that both
sides of the rectangle affect the plume behaviour; the shortest side will create
the first boundary; the longer side will create a second boundary; beyond the
second boundary, the behaviour is similar to that of the rising plume from a

circular source.
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Figure 2.17. Horizontal temperature distribution of the upward currents from circular
hear sources in the domain far from the sources
(reproduced from the original Figure 3.5 in [65]).

Figure 2.17 supported the claim that temperature distribution at the domain far
from the heat source behaves similar to the plume from a point heat source.
Although experiments were not performed to support the same claim for
velocities, Yokoi suggested velocity distribution follows a similar pattern as the

temperature distribution.

Plotting the peak non-dimensional temperature over the normalized heights

two distinct linear relationships are formed.

The independence of the patterns of temperature and velocity from the heat
release rate of the heat source was proposed in the dimensional analysis; a
dependency and a trend of the larger HRR to yield higher numbers was found

through processing.

2.3.2.2 The ejected plume

As far as the spill plume is concerned, gas trajectory and gas temperature are

going to be the factors of prime interest. Starting with full-scale experiments,
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the compartments had one or multiple openings, depending on the experiment;
the number and dimensions of the opening showed to have influenced the
calculation of the neutral plane. Thermocouple trees were installed on the

exterior to record the temperature distribution of the hot gases.

Some of the experiments had flaming in the external plume (internal flame
extensions); this showed later to not present an issue with the correlations.
However, it needs to be mentioned that the relationships developed by Yokoi

were meant from hot gases and not external plumes with flames.
Key observations of the full-scale experimentation were as follows:

- Plume adherence to the wall depends on the ratio of height to width; a
more slender opening will lead to a more detached plume and vice
versa.

- The temperature distribution of hot gases (central axis) is comparable

to upward currents from finite dimensions heat source.

In order to better understand the phenomena, small-scale experiments were
conducted. Equations for the trajectory of the ejected gases were formulated.
The generalised equation of gas trajectory is independent of the temperature
of the gas; the equation is shown below.
Xo 3/2
Z _ 0 104‘7[(1_1" HH) (Hll) ] (12)

H" Xo
Hll

where H" is the height above the neutral plane (see Figure 2.18 (a)) [m]; z is
the height of the ejected gas from the heat source [m]; x is the stand-off
distance of the ejected gas from the heat source [m]; and x, is the horizontal

distance inside the opening (as the line source of the jet) [m].
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Figure 2.18. (a) Yokoi's model compartment cross section (original figure 7.2 from
[65]); (b) Trajectories of gases exiting various rectangular windows (original figure
7.4 from [65]).

Since x, was an unknown, Yokoi ran an experimental programme with various
opening dimensions and ratios; he calculated the trajectory heights and widths;

solving the aforementioned equation, he used the results to calculate x, or
more precisely XO/H... The position of the maximum temperature at each row
of thermocouples was used as an indication of the position of the plume
trajectory.

Trajectories for compartments with a facade over the opening and for
compartments with no fagade over the opening were plotted in Figure 2.18 (b).
Depending on the ratio n (= % where W and H are the width and the height
of the opening respectively), and whether there is a facade over the opening,

a different curve is appropriate to be used.

Yokoi plotted the curves for ejected gas trajectory. Yokoi developed an

analytical solution for the case where there is no wall/fagade above the
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opening; this analytical solution is subject to corrections where there is a
facade above the opening. For short and wide openings, the correction factor

has a higher value than in the case of more slender (tall and narrow) openings.

A temperature distribution method was proposed, when the HRR (similar to
the rising plume) and the dimensions of the opening are available. Yokoi
assumed symmetry of the plume; time-averaged temperatures were used,

similar to the rest of his work.

In medium scale experiments, the temperature distribution was found to be
governed by the ratio n of the opening. The opening shape defines the
temperature distribution regardless of the internal convective HRR at the

opening.

In an attempt to use the upward currents equations on the ejected plume from
a compartment fire, Yokoi presented the key differences:

e The heat source is on the vertical instead of the horizontal position.
However, initially, the plume's direction, from a compartment fire,
matches the direction of the plume from an unobstructed burner
(plume rises perpendicular to the plane of the burner). In a
compartment fire that happens due to the momentum of the gases
exiting the compartment. Following that, buoyancy forces gases to rise
parallel to the plane of the burner.

e The velocities from a compartment fire ejected plume are not uniform;
approximately 2/3 of the upper layer of the opening serve as an exit;
the rest of the opening serves as a fresh air (oxygen) supply.

¢ In cases where the space above the opening is blocked by a wall
(facade), the external plume rises in the semi-infinite space, unlike the

rising plume from an unobstructed burner.
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Using the correlations for the upward currents, there are three distinct lines (as
illustrated in Figure 2.19):

e the first line has a small deviation from the vertical direction;
e the second line is at approximately 45 degrees.

e the third line is at an angle approximately equal to tan"1(3/5).
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Figure 2.19. Temperature distribution along the axis of the ejected jet.
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the transition from the second to the third domain happens at approximately

Transition from the first to the second domain happens at approximately

11.75 - 1y - +/n, as ry, and n are defined below.

The value of ry is the equivalent radius of a free burning, circular pool fire. The
value is calculated based on the same area that the pool fire and the opening
of the compartment would have. Despite Yokoi's assumption that
approximately 2/3 of the opening are part of the outflow, the velocities close to
the neutral plane are relatively low; Yokoi proposed that only half the height of
the opening should be considered for the calculation of the equivalent pool fire

radius, hence the following equation.

50



Chapter 2 — Literature review

H-W

> (13)

T‘0=

where H and W are the height and the width of the compartment opening
respectively [m].

w

= (14)

n

The ratio n can help to differentiate openings of the same area that have a

different shape.

For compartments that have multiple openings with different dimensions, the
height H that will be used needs to be modified accordingly, in order to

calculate the equivalent radius and the opening ratio.

From the model scale experiments Yokoi found that for wider and shorter
openings the gas temperature is higher, and the trajectory of the plume is
leaning towards the facade. Although half of the energy of the plume is not
dissipated to the surrounding space due to the presence of the facade, the
temperature is not twice as high as it would be for a free rising plume.
Convective losses into and heat stored in the wall decrease the total energy of
the ejected plume. For this reason, the type of material of the fagade/wall could

impact the temperature profile of the plume.

2.3.2.3 The Thomas and Law correlations

Not long after Yokoi's thorough research on the rising and ejected plumes,
Thomas published a joint project with Webster and Raftery on the buoyant
diffusion flames [77]. In this work, among other experiments, they performed
compartment fires. A linear regression model can be derived through the
presented data; this is a correlation of the normalised flame height of the

ejected plume to the internal heat release rate — similar to Yokoi’s correlations.

Following this work, Thomas proceeded with a solo venture. He performed an
analysis of the linear model from his previous collaborative work [77] and

Yokoi’s correlations [65]. Assuming a flame tip temperature of 500 °C, Thomas
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was able to compare the regression model to Yokoi’s dataset (after some
modifications) [78]. Although the research had merits, the adapted regression
model to Yokoi's method was not able to predict Yokoi's calculated

dimensionless temperatures in a similar manner.

About a decade later, Thomas and Law made a review of the studies available
at that time (1972) that focused on the external plumes [79]. Notably, all the
data in their meta-analysis regarded compartments with no obstacle above
them. They developed a relationship for the plume’s non-dimensional
temperature (based on previous work [77]) and the external flame height. The
resulting model was deemed acceptable to be used in other researcher’s
datasets to describe them; therefore, Thomas and Law proposed this model

for predicting the temperatures of the external plume.

Law proceeded some years after this collaborative effort (1978) to develop her
own model, predicting temperatures on exposed steel on the exterior of the
buildings [80]. The aims were to prove that: (a) external steel does not
experience the same severity of heat fluxes as do steel elements in a
compartment fire (this was the design approach and the testing criteria of that
era); and (b) have a reliable model that can be used for design purposes on
external steel components in structures. She used the formulation they

developed with Thomas, making some alterations to fit the dataset better.

2.3.2.4 The current approaches on the external plume

2.3.2.4.1 Frank et al.

The more recent BRANZ Study Report by Frank et al. summarises many
projects that examined vertical fire spread onto the facade of the building of
origin [81]. Equations which were developed for all examined projects are

presented in Table 2.2.
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Table 2.2. Summary of flame height correlations (original Table 1 from [81])

Authors Key parameters and correlation Experiment range
Thomas and Law R\ 9 <y <45
(1972) z=18.6 (E) — Hp W
05 <—=<2
R = 0.09WH?*/? (ventilation limited) D
Law (1978) R\? 9 <5 <45
z=128 (—) —H,
W,
w2 w
R =(0.18)4,./H, (E) (1 — e~0038m) 05 < 7 < 2
Arp
]] =
AgH,
Quintiere and Cleary 2/3 Based on Yokoi's
(1994) Q experiments
z =0.0321 —H,
24, (& < 0.48)
m
Ohn’uya et al. (2[}00) z = U'ESQ.*E:':WO + 0'04(2&2!,1‘% 1.5 < Q;Va < 11
Note that =z is relative : . W,
to the plume Qex = CPRfOﬂT +Q - Qv,c:r‘ir 0.25 < H_o <2
centreline, not the Ar /5
top of the opening. Querie = 1504,,/H, ( )
,CTL o a AOJ’I-I_D
Q.* _ Qex
=
° PonToJE“’fﬁ
Delichatsios et al. (Y. | For g2 < 1.3,z = 3.03(£,)0; *° — 0.6H 03<Q; <7
Lee et al., 2008) & HEh ’ ’
For 07, = 1.3,Z; = 3.45(£,)03,”° — 0.6H,
Sk Q‘B.'l‘
Qi = >y
memeﬁ(fl_}
2/5
fl = (AD\I' Ho)

For the table, R represents the mass burning rate, Q"11 is the normalized HRR
from Lee et al. [82].

Following an extended literature review, Frank et al. carried out a series of
experiments in a compartment with inert linings. The variables used were the
location of the fuel source (front/back of the compartment), the type of fuel
source (heptane pool fire, wood cribs), and opening shape, size, and location

on the facade. The presence of an apron (imitating a balcony) was also
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considered in the experimentation. Simulations were carried out using FDS,
and comparisons of values derived from existing correlations with the

computed FDS data were made.

2.3.2.4.2 Lee et al.

Since 2004, Lee et al. published a number of work, related to the external
plume from compartment fires [82]-[84]. Through this work, contemporary
understanding was incorporated into the classic plume theory. These
experimental programmes aimed to remove ambiguity from the correlations for
external heat fluxes, flame height outside an enclosure, and update equations
for external plumes. A series of different experiments was conducted,;
depending on the experimental programme, different shapes of compartments
were used. The fuel source was a gas burner in all cases. The location of the
burner could be an examined variable, depending on the experimental

programme. Inert materials were used to form the compartment boundaries.

The compartment and the facade above the opening were instrumented to
capture characteristics of the plume (e.g., temperature profile inside the
compartment and opening, heat fluxes on the fagade). Cameras were used to
record the shape of the plume and oxygen calorimetry was performed for the

whole experimental setup.

Lee et al. proposed alterations in Yokoi's formula for non-dimensional
temperatures of the external plume, to reflect the current understanding on
entrainment [84], substituting the hot gas density for the ambient air density

(Po)-

201,%"°

3 QZQO (15)
Cp%Po*g

Lee et al. also proposed two new length scales (equations 16 and 17), as they

were considered more compartment relevant, compared to Yokoi’'s equivalent

circular orifice [82].

54



Chapter 2 — Literature review

) 2/5
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0

These length scales were considered by Lee et al. as a representation of an
equivalent external burner outside the opening, representing the sides of the

burner, as shown in Figure 2.20.
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Figure 2.20. Sketch showing the length scales’ physical representation proposed by
Lee et al. (original figure from [84]).

Lee et al. developed also a heat flux model correlating the external heat

release rate to the incident heat fluxes on the facade. The correlation is shown

in Equation (18).

A 0.6(H/17) 7
qe2re (18)

. = X
Qex/ly Zf

where ¢"; is the incident heat flux on the facade [kW/m?]; Z; is the average

flame height [m]; Q,, is the external HRR [kW]; Z is the height above the
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opening of the measured incident heat flux on the fagade [m]. The plotted data

are shown in Figure 2.21.
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Figure 2.21. Normalised heat flux over normalised height above the opening
(original figure from [82]).

2.3.2.4.3 Gorska

By far the most recent (2019) and relevant work is the thesis of Carmen
Gorska. In her work, she investigated exposed timber compartments with
respect to internal and external fire dynamics, and self-extinguishment (or
auto-extinction) of the combustible linings [9]. Her experimental campaign
consisted of medium-scale compartment fires; a large-scale proof of concept
demonstration was performed as part of a collaborative work, as described in
[38].

In the medium-scale experimentation, Gorska used a steel frame to mount CLT
panels. The surfaces were encapsulated using plasterboard, when the
surfaces needed to be inert; when combustible linings were needed, the CLT

was left exposed. Photographs of the setup are shown in Figure 2.22.

Gorska used kerosene as the liquid for the pool fires, which were the fuel
source for the compartment fires. The pan was connected externally, using a
tube, to a tank of kerosene. The level of the pool inside the compartment

matched the level of the tank outside; a floater system triggered a refill of the
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tank to keep the pool at a prescribed height. This method gave control to the
level of the pool fire and made possible to extend the steady state period for

any desired time. A sketch of the system is shown in Figure 2.23.

Figure 2.22. (a) Steel frame of Gorska’s experimental setup; (b) Compartment
assembly with instrumented facade (modified photographs from [9]).

Pool fire feeding system

MLR: Mass loss rate of the burning kerosene

Kerosene pool fire inside the compartment

Container 1: Kerosene supply

Container 2: Keeps constant level and is
connected to the pool fire inside the compartment

c tant liquid b Overspilled kerosene,
—I -erls- antlauid. Sy . keeps constant liquid level in Container 2
eve

Container 3: Reservoir for overspill from Container 2

Scale

< MLR

Pump to direct overspilled kerosene back to Container 1

Pipe connecting Container 2 with pool ﬁre—j
Valve to stop kerosene supply

Figure 2.23. Pool fire and kerosene tank system schematics (modified plot from [9]).
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Through these experimental programmes, a new approach for the
compartment fire dynamics was developed. The classic compartment fire
framework had introduced the opening factor (described in Section 2.3.1.1)
with Gorska's proposition of a modified opening factor for exposed timber
compartment fires; this is further analysed in Section 4.2.2. This proposition
accounts for the burning timber linings as areas where heat is generated; due
to this, the area is excluded from the calculation of the opening factor. Gorska’s
dataset fits over the classic compartment fire framework correlation of opening
factor and compartment temperature, as depicted in Figure 2.24.
Normalisation was applied based on the inert compartment’s opening factor

and temperature, respectively.

Modified Thomas et al. framework for CLT compartments
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Figure 2.24. Opening factor versus compartment temperature (modified plot from [9]).

Gorska modified correlations from Lee et al. for heat fluxes on the fagade from
compartments with inert linings and was able to fit the modified models with
her acquired data for timber lined compartments. As it is shown in Figure 2.25,
the two experimental programmes have a distinct deviation in the continuous
and intermittent flaming regions. Gorksa developed her modified correlations
based on linear models for each region in this plot. Results of the modelling
compared to experimental measurements show good agreement (Figure
2.26).
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Figure 2.25. Comparison of Lee et al. (yellow) and Gorska (blue) datasets (modified
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Figure 2.26. Model predictions and experimental measurements of heat fluxes on
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2.4 Where the current project fits in

In the previous sections a review of the current trend in modern constructions
was clearly identified — that is tall timber construction. Mass timber offers
advantages in terms of prefabrication, construction time, energy efficiency, and
also aesthetics. Architects, the construction industry, and even local authorities
are pushing for the approval and use of mass timber for mid- and high-rise

buildings. However, timber has a main drawback; it burns.

A review of external fire spread was also performed in sections 2.2 and 2.3;
this was done from a regulatory and physics perspective, respectively. A gap
in the literature for the consideration and understanding of the external fire

spread from timber-lined compartments was demonstrated.
This project will be focused in:

¢ |dentification of the change in hazard when timber is exposed in the
compartment;

e Identification of alteration in the external plume behaviour;

e Characterisation of the external plume, using techniques from the
literature;

e Assessment of the fithess of current techniques for the description and
prediction of the external plume behaviour;

¢ |dentification of variables that drive the external fire spread phenomena

when timber is exposed in the compartment space.
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Chapter 3 — Methodology

The previous chapter has outlined the key physical concepts that are known
to influence the hazard presented by the external plume. It has been shown
that the presence of timber linings in a compartment fire can have an impact
on the external plume. The physical drivers for this are, to some extent, known.
For example, it has been shown that a higher mass loss within a ventilation
controlled compartment will increase the excess fuel factor, and thus the heat

released in the external plume.

The following chapters are concerned with elucidating the behaviour of the
external plume. The objectives are to:

e Quantify the degree to which timber linings change the excess fuel
factor;

e Quantify the degree to which such timber linings may affect the external
fire spread hazard;

e Characterise the plume to allow more detailed interrogation of the
underlying physical mechanisms.

In order to explore these parameters a series of experimental programmes
were undertaken. This chapter is concerned with why and how the
experimental programmes were designed and carried out. In particular, a
detailed presentation of the experimental procedures followed and the
equipment used to do so. The description of the experiments is split into two
phases, there are substantial similarities between the two experimental phases

— however, there are also notable differences in the instrumentation.
3.1 Guiding Principles

To investigate the relevant parameters a series of compartment fire
experiments were undertaken. The literature has shown that there are two
approaches to investigating compartment fires: full scale, and small-scale
experimentation. The scale of full-scale experimentation means that the

magnitude of the results obtained are “realistic” with regard to building fires —
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however, their scale means that (without significant time and financial
resources) repetition and systematic variation of parameters is impossible.
Small to medium scale (i.e. of the order 0.5-1.0 m) has, therefore, been

commonly employed by researchers to allow investigation of key parameters.

The use of medium-scale experiments introduces challenges in relation to how
phenomena may be scaled. Some properties (e.g. opening factor, global
equivalence ratio) could be scaled by solving a mass and/or energy balance
on an element or control volume of the compartment/surrounding space. Other
properties, such as the emissivity of flames, could be inherently connected to

the size of the experiment.
3.2 Prototyping

3.2.1 Fuel source

Assessing the options for fuel load for the compartment fires, there are three
popular options: (1) gas burners; (2) pool fires; (3) or wood cribs. These fuel

types present pros and cons, regarding the first phase of the project.

Gas burners can generate enough heat to achieve burning of timber linings. It
affords a great control of the fuel load burning inside the compartment space,
as seen in previous work [85]. This control however, does not aid exploratory
research because the experimentalist has to determine the burning rate a
priori. This part of the work did not have a desired target of burning rate due to
lack of evidence on what kind of HRR was needed. For this reason, it did not

serve the desired purpose of the Phase 1 experiments.

Pool fires are often used for their more realistic thermal contribution to a
compartment fire [74]. The soot yield is close to what can be recorded from
conventional compartment contents, and the fire development curve is also
comparable to a “real fire” (i.e. ignition, growth, flashover, full development,
decay). However, unless one uses a very deep pan to have the liquid in or
create a flow control system as described by Gorska [9], pool fires are relatively
short in duration. Emberley et al. noticed that mass timber elements, when

exposed to heat fluxes common for a compartment fire, needs approximately
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10 minutes to enter a steady state (i.e. the burning rate reaches a plateau with

minimum fluctuations) [86].

Wood cribs are a fuel that creates its own HRR curve (similar to the pool fires),
dependent on the feedback and losses from its surroundings (although less
sensitive to compartment feedback compared to pool fires). Furthermore,
wood cribs can achieve a long burning duration; this has good potential of
achieving steady state conditions for the timber linings of a CLT compartment.
As it is well-known, wood cribs have been a fuel source used in research in
the past [52], [87] up until the present day [86], [88]. These facts made wood

cribs the ideal fuel source for the first experimental series.
3.2.2 Ventilation

The ventilation conditions within the compartment affect the burning behaviour
both inside and outside the compartment. When more air is available, more
flammable gases are available to react inside the compartment. Conversely,
smaller openings offer less oxygen to react with the pyrolysis gases, potentially
leading to unburnt fuel exiting the compartment and burning externally. In the
case where fuel exits the compartment, the external burning becomes
important to fire spread onto the building of origin; external burning also

changes the assumptions made for fire spread on neighbouring buildings.

As noted by Yokoi, the shape of the external plume is dependent on the ratio
of width to height of the opening [76]. A taller, more slender opening will
produce a more projected external plume; on the contrary, a shorter, wider
opening will result in a plume more adhered to the wall above the opening (or
lean more towards the virtual, vertical plane above the opening, at the lack of

wall above it).

The shape of the opening was designed according to the CIB experiments [69]
(full-height slot). The choice of this shape meant that there would not be a sill
or lintel. The lack of a sill eliminated the potential effect on the ventilation
conditions of the full bed by induced vortices of air entrained in the

compartment. Respectively, the absence of a lintel meant that the smoke
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height was established by the compartment's geometry. This removed the
need to decide on the 'right' height, as this would dictate the height of the
retained smoke in the enclosure. The smoke height would have a direct effect
on the fuel bed (for experiments where the fuel bed is influenced by heat
feedback). Despite the fact that a full-height slot is not typical of classic
architecture, more modern designs adopt a floor-to-ceiling opening for
accessing the exterior of the building. The dimensions of the opening were
chosen to produce an opening factor (for the case of inert compartments)
approximately equal to the opening factor of previous work [88]—[90]; the
opening for all compartment experiments in this thesis was the same. The
resulting opening factor for an inert compartment was 19.7 m2, The opening
factor provides a means of comparison across different scales. It is for this
reason that a value approximately 20 m'¥2 was selected. Most of the relevant
timber compartment experiments (as listed in Bartlett's paper [90]) were

conducted with approximately this value.

Based on the definition of the opening factor, Gorska identified that timber
compartments present a change to the heat losses through conduction from
their timber-lined boundaries [9]. The timber surface burns; the heat losses
through that boundary approach zero while the surface contributes to the fire,
due to heat generation — practically the area of timber should no longer be
accounted for as part of A;. Due to this fact, Gorska proposed the area of these
surfaces is subtracted from total wall area A, of the opening factor, resulting in

lower values of 0, as more timber gets exposed.

Law had already found a correlation of the ventilation conditions of the
compartment and the peak temperature in the compartment [91], shown in
Figure 3.1. This correlation demonstrated further scalable parameters that can

be used for comparison of different compartment fires.
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Figure 3.1. Peak temperature and air flow correlation (Fig. 1 from [91])

The objective of the first phase of experiments was to provide a means of
comparison of the excess burning between the different experiments. To aid
that comparison, the quantitative comparison of the fuel that cannot burn within
the bounds of the compartment box was chosen. There are two methods to
approach this, as it was already presented in the literature review chapter; (1)

the excess fuel factor; (2) and the global equivalence ratio (GER).

Both concepts accomplish the objective of quantification of the unburnt fuel
exiting a compartment. Nevertheless, the GER provides a more tangible
understanding of the mass of fuel. A GER of 0.0 is interpreted as no burning
taking place; a GER of 1.0 means that, in principle, there is sufficient oxygen
within the compartment to allow all the fuel to burn inside the compartment
volume; a GER of 2.0 means that, in principle, there is only sufficient oxygen
entering the compartment to allow half of the fuel to burn inside the
compartment — with the remainder burning externally. For this reason, the GER
was selected as the comparative variable for this experimental series.
However, as it was already mentioned in the review chapter, it must be

recognised that GER is indicative of the potential location for fuel to burn inside
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the compartment — in reality, with a GER of 1.0, it is likely that some fuel will

burn externally.

The formulation for GER, as shown in the literature chapter, is represented by
Equation (5). As seen from the equation, the mass loss rate of the
compartment and the inflow rate of fresh air are needed. Appropriate
equipment is needed to record/estimate the required variables. This is
explained in full in section 3.3.

3.2.3 lteration of Fuel Load

The first experimental series was initiated with the aim of quantifying the
degree to which the presence of timber would increase the mass burning rate.
As previously noted in the literature review, other authors have attempted this
in both small and large scale [86], [88], [92].

However, in order to provide a useful baseline for this study, a series of
compartment fires with non-combustible linings were needed. This provides a
direct comparison, since the only change would be due to material properties,

not geometry.

The experimental specification was optimized through iterations before the
final arrangement was decided. During the first attempts the movable fuel load,
the exposed CLT surfaces, the stick size of the wood cribs (thin cribs used
15 mm thick sticks, thick cribs used 38 mm thick sticks — section of sticks were
square, spacing was equal to the thickness of a stick), and the opening shape
were altered. Figure 3.2 shows the heat release rate (HRR) curves to

demonstrate the difference in steady state burning conditions.
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Figure 3.2. Heat release rate for different exploratory experiments.

The thin cribs resulted in short fires:

For the case of three exposed CLT surfaces, the opening was very wide
and short, and the fuel load not sufficient to surpass the critical burning
rate of timber. Due to this fact, the exposed timber surfaces could not
sustain burning after the movable fuel burnt out. In this experiment, a
discernible steady state was not achieved. It is also noticeable that this
HRR curve resembles the one from the experiment with no exposed
CLT and the thicker stick wood crib (red line in Figure 3.2).

For the experiment with no exposed surfaces (blue line in Figure 3.2),
the crib’s HRR peaked very quickly and the burning rate of the fuel did
not achieve a noticeable steady state. The ventilation opening was taller
and narrower in this case, which meant less smoke accumulation inside

the compartment.

Conversely, the cribs with increased stick thickness resulted in a lower heat

release rate; nevertheless, a steady state burning was recorded

(approximately 10 minutes). It will be demonstrated on the following chapter

(Chapter 4 — Phase 1) that the burning duration achieved by thicker sticks was

sufficient to create quasi-steady burning conditions for all experimental setups.
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3.2.4 Compartment design

The compartment design process was influenced by the work of previous
authors. The aim was to keep the dimensions (and general length scale)
approximately the same as previous work; this could make it easier to draw
comparisons with other datasets. Some of the works that this project

considered for the design are as follow:

¢ In the CIB round-robin experimental programme compartments of side
less than 1 m were used in many cases [87] — the internal dimensions
ratio varied.

¢ In the work of Gorska et al. the compartments were 0.5 m deep and 1
m wide [92].

e Bateman et al. [88] used almost cubic compartments, with the internal

dimensions ranging from 575 to 700 mm.

Moreover, there were other key factors that affected the design process. These

were:

e Having an opening factor (directly affected by the opening dimensions)
similar to work of previous researchers. This provided a comparison
across different length scales.

e Using a fuel source similar to previous researchers.

It was for these reasons that the final design was informed in the following

manner.

Based on the aforementioned experimental programmes, the compartments in
the current project were designed as cubes; cubes were used by Bateman et
al. The internal cube had a side of 700 mm, an option closest to Bateman et
al. and Bartlett’'s design. Bartlett’'s work was particularly useful for direct
comparison, as his compartments were lined with CLT. However, it should be
noted that his work focused on burnout whereas the present thesis aims to
understand the potential changes in behaviour of external fire spread,
regardless of burnout conditions that might (or might not) occur in the decay

phase.
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3.3 Experimental Design

3.3.1 The wood crib experiments — Phase 1

3.3.1.1 Design

The first experimental programme aimed to identify key differences between
traditional compartments with non-combustible linings and timber
compartments. A compartment (Figure 3.3) was constructed with internal
dimensions of a 700 mm cube. The opening of the compartments was a 200

mm wide full height central slot.
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o flux |
// gauge |
' /.’ 140 mm
+<+—25mm
Vermiculite Pressure : f B==
“shield” ™. probes ! =
g \\ =, 700 mm E = C/:LT
= = \ . i %
7 "2 u n Np E %
. :‘? : Fuel =
? Heat N i B Insulation
Mass R flux 5 —
balance B gauge Mass
oo balance
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Figure 3.3. (a) The experimental setup with annotations for the equipment used.
(b) Indicative compartment and instrumentation geometry.

3.3.1.2 Configurations

Four configurations of the compartment box were examined, with a repeat for
each, to compare the repeatability for each configuration. The configurations

were:

e no exposed CLT (i.e. completely inert compartment);
o exposed CLT back wall;
e exposed CLT ceiling;

e and exposed CLT back wall and ceiling.
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3.3.1.3 Materials

The compartment was constructed using non-combustible and combustible
linings. Where the former was applicable, 25 mm thick vermiculite boards were
used (see Table 3.1); where the latter were applicable, CLT panels of 700x800
mm in size and 140 mm thickness (the outer lamella thickness was 34 mm).
The compartment was supported using a pinned steel-profile external frame.
Wood screws were used to connect the CLT slabs to the steel profiles (or other
CLT elements, where applicable). The compartment's joints, inner and outer,

were sealed with fire cement Mapei Mapeflex Firestop 1200°C.

Table 3.1. Vermiculite board properties [93].

Thermal conductivity _ Specific heat
Density [kg/m?3]
[Wi(m*K)] [kJ/(kg*K)]
200°C 0.18
400°C 0.20 700-900 1.15
600°C 0.21

3.3.1.4 Fuel load and heating source

The movable compartment fuel load was a six-layer wooden crib, of stick
thickness 38 mm; the sticks had a square section and were spaced equally;
the spacing was 38 mm; the wood crib was located at the centre of the
compartment floor, occupying an area of 600x600 mm?2. Based on an assumed
heat of combustion of 17.5 MJ/kg for timber, this gave a total fuel load of
315 MJ, or dividing by the 0.49 m? compartment floor area 643 MJ/m?. Along
with the CLT panels, the wood crib sticks were conditioned at 20°C and 50%

relative humidity prior to experimentation.

3.3.1.5 Instrumentation

A facade was located above the compartment, on the same plane as the
opening as shown in Figure 3.4. This was constructed from a 25 mm thick

vermiculite board.
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The following measurements were made:

Mass loss (my) of the wood crib (and the timber linings where present)
was measured by placing the entire compartment assembly on a mass
balance.

Mass flow rates of gases entering (air) and exiting (combustion products
and unburnt fuel) the compartment were calculated using velocity data
from bi-directional pressure probes [94]; the probe array was placed on
the centreline of the opening, as shown in Figure 3.4 — with some
variations between experiments to ensure improved data acquisition.
The heat flux (¢") on the facade above the compartment was measured
using water-cooled Schmidt-Boelter heat flux gauges (HFGs) — these
were placed at 240 and 600 mm above the top of the opening.

An array of 21 thin skin calorimeters (TSCs) was installed on the facade,
in addition to the HFGs, to allow calculation of the heat flux onto the
facade. TSCs were arranged in three columns; the central column was
aligned with the centreline of the opening; the additional two columns
were placed at 225 mm at either side of the central column. Each TSC
was co-located with a 1 mm diameter K-type inconel sheathed
thermocouple to measure the gas phase temperature, as shown in
Figure 3.4 (a).

The heat flux (¢") opposite the compartment was measured using HFGs
— these were placed at 650 and 1300 mm from the compartment
opening.

Total convective heat release rate (Q) was estimated using a furniture
calorimeter; the method used was oxygen consumption calorimetry,
due to the measurements of Oz, CO2, CO provided by the furniture
calorimeter.

Video camera recorders for relative flame shape and size.

A vermiculite “shield” was used to block the opening radiation to the
gauge at 1300 mm, as shown in Figure 3.4 (b). The intent of this

configuration was to distinguish the fraction of radiation originating from
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the compartment's interior through the opening, and the fraction of

radiation associated to the plume/external facade.

Measurement readings were made at 1 Hz for all instrumentation used.

_ _ Field of view / n
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Figure 3.4. (a) Pseudo-facade instrumentation: array of TSCs (blue circles)
collocated with thermocouples (black dots); HFGs (red circles) were positioned
alongside the TSCs for comparison purposes; pressure probes (gray rectangles)
measured vertical gases pressure changes. (b) Field of view of the heat flux gauges
opposite the compartment.

Heat flux gauges and thin skin calorimeters were used to quantify the incident
heat flux on the facade above the burning compartment. At this stage, a brief
explanation of the two different options to measure heat flux is given to

establish the validity of choice of each.

3.3.1.5.1 The Heat Flux Gauge

Heat flux gauges (or heat flux meters) are instruments developed to register

incident heat flux on their surface. A first approach to the instrument's design
was presented by Gardon back in 1953 [95]. The gauge assembly (depicted in
Figure 3.5) consists of:

e a thin constantan foil plate; the surface facing the thermal radiation is

painted black, for maximum absorptivity;
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e a block of copper attached to the sides of the constantan foil disc;
e athin copper wire attached to the back face of the constantan disc;
e a second thin copper wire attached to the block of copper;

e atube of water connected to the block of copper.

Incident heat flux
l l l l l l l l l Coating

Constantan disc

Copper heat sink _\ - ~___Steel shell

Copper wires / 1 L T

v

Water cooling tubes

Figure 3.5. Sketch of a heat flux gauge.

The block of copper is constantly being water-cooled, i.e. the boundary
temperature is constant. The circumference of the disc attached to the copper
block (the "cold" boundary) is in a thermal quasi-steady state, due to water-
cooling; the boundary of the disc exposed to thermal radiation (the "hot"
boundary, which is represented by the middle part of the disc) is sensitive to
changes. The incident heat flux on the disc changes the resistance of the disc;
the recorded voltage change is related to the incident heat flux on the disc; the
manufacturer of the gauge provides this recorded relationship of voltage to
incident heat flux (which is a linear one); the higher the available heat flux

range, the lower the resolution of the measurement.

Since 1953 of course, these instruments have been improved,; in the case of

fire safety engineering, the response of a gauge can vary, to better address
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the needs of the measurement (from low measurements, in the order of 5
kW/m?2, to high heat fluxes, up to 200 kW/m?) [96].

Although the heat flux gauge is an instrument of great accuracy, it is worth
mentioning that some of the materials comprising the gauge are susceptible to
extreme conditions. The coating of the disc can be damaged, leading to
uncertainties of the absorbed radiation from the surface — and in this way the
back-calculated imposed heat flux. Damage of the water-cooling system or
improper cooling of the instrument leads to uncertainty of the boundary
conditions (i.e. the "cold" boundary), since temperature can now vary, leading
to a more significant uncertainty of the conductivity, and as a result, of the
incident heat flux at the disc.

3.3.1.5.2 The Thin Skin Calorimeter

A detailed description of the thin skin calorimeter (TSC) was presented in the

publication of Bartlett et al. [97]. However, to aid the reader's understanding of
the merits/limitations and the energy balance of the instrument, a brief

description in the current document is considered appropriate.

The TSC serves as a low-cost alternative to the Schmidt-Boelter or Gardon
heat flux gauge mentioned previously [98]. Material procurement and
manufacturing costs are relatively low; this means that more sensors can be

utilised in the instrumentation of the facade, leading to higher data resolution.
Thin skin calorimeters in this project consisted of three parts:

e an insulation material. In the current study, this material was the

vermiculite board of the facade;

e a metal disc. Inconel 600 metal was used in this experimental

programme;
e type K thermocouple wires.

The thermocouple wires were welded separately at the surface of the disc, with
a small gap in between. Laschutza showed in his thesis that a separation of

the wires yielded more accurate results [99]. It was for this reason that the
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thermocouple was not welded on the back of the disc; rather, the whole surface

of the thin Inconel disc was used as the thermocouple "bead".

The energy balance of the TSC is shown in Figure 3.6. In equation form it is

translated as:

qz;lc = q;It + qgond + qgonv + C.I;*,ad (19)

14

where g;,,. is the incident heat flux on the TSC, gg; is the stored energy in the

Il

Inconel disc, q.,,4 are the conductive losses to the vermiculite insulation, q;yn.
is the convective exchange term of the disc to the surrounding air, and gy,

rad

are the radiant losses of the disc to the surroundings.
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Figure 3.6. The energy balance of the thin skin calorimeter (adapted from the
drawing of Hidalgo et al. [98])

As the calculation of the conductive losses to the vermiculite are not easy to
quantify, Hidalgo et al. introduced the concept of a correction factor C [98].
This factor is a function of the temperature of the Inconel disc; the function can
be calculated through the calibration process, as was presented by Hidalgo

and co-workers [98].

Substituting each of the terms on the right-hand side, the formulation of the

energy balance is the one presented below (from Bartlett et al. [97]).
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= —— [md Ty ho(Ty = Tor) + T4] 20
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where a4, 1S the TSC absorptivity [-]; € is an experimentally obtained
calibration factor accounting for conductive losses from the back of the disc
[m2]; y is a transient compensation factor [-]; m; and S, are the mass [kg] and

surface area of the TSC [m?] respectively; c, is the specific heat capacity of

the TSC [J/K/Kkg]; % is the temperature change of the disc over time [K/s]; ers¢

is the emissivity of the TSC [-]; o is the Stefan-Boltzmann constant [W/m?/K4];
T, and T,;,- are the temperatures of the TSC and air respectively [K]; and h, is

the convective heat transfer coefficient on the surface of the TSC [W/m?/K].
The calibration factor function C used was:
C=—41723-10"* Trsc + 0.5098 (21)

where Trs- is temperature of the TSC [°C]. This calibration factor function
accurately predicts the incident heat flux within the range of 5 and 40 kW/m?;
the validation of results came from the comparison of the acquired incident
heat flux measured by a heat flux gauge and a TSC. Material values used in

the analysis process were presented in Table 3.2.

Table 3.2. Values used for the TSC analysis (from [97]).

Parameter Value Source
QAgisc 0.8 Laschutza [99]
Y 0.8 Hidalgo et al. [98]
ma/Sq 5.929 [kg/m?] Measured
404.76 + 0.4154T - 0.002T? Inconel data sheet
v [kJ/kg-K] [100]
Ersc 0.8 Laschutza [99]
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In order to provide a comparison of the TSC and a water-cooled heat flux

gauge during a real fire scenario, both sensors were mounted next to each
other at two different heights. The heat flux gauge is a sensor primarily used
for radiant heat transfer measurements. The presence of convective
phenomena could have been a source of deviation from the irradiance
readings. Nevertheless, as it was shown by Bartlett et al. the convective
component of the TSC’s energy balance was significantly lower compared to
the radiative component [97]. A direct comparison between the two heat flux
measuring tools is illustrated in Figure 3.7.
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Figure 3.7. Average deviation of HFG (solid line) with co-located TSC (dotted line).
(a-b) No CLT; (c-d) CLT back wall; (e-f) CLT ceiling; (g-h) CLT wall and ceiling.

3.3.1.6 Instrumentation errors

Each measurement made has inherent errors associated with the pieces of

equipment used to acquire the measurement.
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e The mass loss rate was calculated using data from a mass balance of
+2 g accuracy.

e The gas flow through the opening was estimated using pressure data
at various heights in the centerline of the opening; the pressure
transducers used have an accuracy of +0.25 Pa; the pressure reading
was converted to velocity using the Bernoulli equation.

e The heat release rate measurements have errors regarding the gas
analyser accuracy limitations, and the calculation method used. The
estimates for error from a furniture calorimeter can vary, from + 7%,
+12% [101], and up to £16% [102], depending on the literature source.
The calorimeter was calibrated prior to each test, to eliminate
uncertainties associated with the calibration procedure.

e The videos recorded were not calibrated (for instance with a
checkerboard of known square size). For this reason, as other objects
of known dimensions were used as a proxy for calibration, the resulting
measurements served more as a qualitative comparison.

e The HFGs used have a sensitivity of £0.008 mV/(KkW/m?).

e The TSCs used in this programme provided accurate readings for a
range of heat fluxes of 5-40 kW/m?; the mean error in this range was
0.36 kW/m?2 (in comparison to a heat flux gauge as shown in Figure 3.7).

3.3.2 The propane burner experiments — Phase 2 and Phase 3

While the timber cribs served the objective of Phase 1, the presence of the
cribs affected the mass flow measurements at the opening; the heat release
was also dependent on thermal feedback from the compartment and heat
losses from the opening. For these reasons a more reliable (and controllable)
fuel source that was not heat-feedback dependent was introduced — the
propane burner. Designed after the propane burner used in Majdalani’s thesis

[85], a steady state heat source was established (Figure 3.8).
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Figure 3.8. The propane burner used in Phase 2 and 3.

In the commissioning phase of the new system a maximum period of burning
was established; this was the product of trial-and-error test runs of the propane
burner. Temperature measurements at the opening demonstrate this point in

Figure 3.9.
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Figure 3.9. (a) Temperatures at the opening over time; (b) Temperature derivative
over time. Temperature values approach a steady value after 1000 seconds from
ignition in this experiment and derivative approaches near-zero value.
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The parameters affecting the decision were: (1) necessary time to achieve
quasi-steady state conditions (i.e. measurements fluctuating slightly and the
gradient appearing almost horizontal); (2) structural integrity of the burner

(providing longevity for the experimental programme).

Initially, the burner was fabricated from stainless steel, but the environment in
the compartment was too aggressive for a burner to be used repeatedly. The
burner that was therefore used for this experimental programme was
fabricated from Inconel 600, providing greater resistance to the effects of
temperature during experimentation. Holes were drilled to the tubes of the
burner to allow gas to flow through; these were facing the floor of the
compartment, producing jets flames towards the floor which, in turn, created
diffused rising flames across the floor surface. The burner was wrapped in
ceramic paper to offer some protection against radiation from the internal

compartment linings.

During operation, it was observed that there was a build-up of soot within the
holes of the pipes. The burner was therefore regularly cleaned between

experiments to ensure that the holes remained unobstructed.
3.3.2.1 Design

Upon completion of Phase 1 experiments, difficulties regarding the
compartment assembly arose. Namely, the construction of the compartment
was insufficiently robust, and it required reconstruction after each
experimentation. For this reason, a more modular setup was created that
would allow the same compartment to be used for multiple experiments (Figure
3.10). This modular design allowed changes in parts of the wall and ceiling
without having to reassemble the whole compartment each time (this was of

interest for Phase 3 experiments, where timber linings were re-introduced).
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Figure 3.10. Side view of the new compartment frame and setup.

The insulation used as a compartment boundary was found to be very effective
in maintaining its shape and providing a barrier between the compartment
space and the outside environment. Internal dimensions were kept the same

as Phase 1 for continuity and comparability of the results.

3.3.2.2 Configurations

Two repeats were run for all listed configurations, to provide a repeatability
assessment. The configurations used in Phase 2 and 3 experimentations

were:

¢ No exposed timber;

e Fully exposed timber ceiling;

e Fully exposed timber back wall;

e Half exposed timber ceiling (front — closest to the opening);
o Half exposed timber ceiling (back — closest to the wall);

e Half exposed timber back wall (top — closest to the ceiling);

e Half exposed timber back wall (bottom — closest to the floor).
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3.3.2.3 Materials

A steel frame was constructed; the parts of the frame were held together by
nuts and bolts. Furthermore, the boundary materials of the box were altered.
The vermiculite boards, forming the compartment boundaries, appeared to be
very brittle after each experiment; for this reason, they were replaced by 50
mm thick Superwool HT boards, cut to size. The insulation boards allowed
multiple experiments to be conducted, with low maintenance needs. The inert

compartment is shown in Figure 3.11. The facade from Phase 1 was used in

Phases 2 and 3.
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thermocouple g

tree
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Ad-hoc
timber
board
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o | mn | mm | mm Propane burner

Bi-directional /[ Load cel

probes

(a) (b)

Figure 3.11. (a) Compartment box — non-reacting insulation linings on a steel frame.
Propane burner wrapped with ceramic paper at the bottom of the compartment. (b)
Sketch of the compartment and instrumentation layout.

CLT panels were also replaced by ad-hoc panels of the same dimensions
(shown in Figure 3.12) of pine boards (33 mm thick) screwed into a plywood
board (9 mm thick); this allowed easy replacement of the boards that fitted
within the steel frame. Due to the fact that experiments were performed only
for steady state burning conditions, the needs for timber’s thickness were
satisfied by that of the ad-hoc boards. The same facade as in Phase 1 was

installed on top of the steel frame.
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(@) (b)

Figure 3.12. (a) Side view of the ad-hoc panel of plyboard and pine planks; (b) Front
view of the ad-hoc timber panel.

3.3.2.4 Fuel load and heating source

Following the Phase 1 experiments, where wood cribs were used as a fuel
source, inherent issues of this type of fuel were identified. The wood cribs
affected the flow measurements at the opening, as they presented an obstacle
located inside the compartment. For this reason, the fuel source was replaced
with a propane burner, located at the floor of the compartment. Gas was
flowing towards the floor to create a more diffused flame (compared to jets that

would be a case, if the gas was ejected towards the ceiling).

As the importance of the mass loss rate was established by the Phase 1
experiments, measurements of Phase 2 and 3 experiments accounted for this
need. Mass flow of propane was set to the desired levels; flow fluctuations
were minimal (x0.005 g/s based on video recorded data); the propane burner,
as a fuel source, led to good repeatability between experiments of the same
configuration compared to the timber cribs. Where experiments included
timber components, the whole compartment assembly was placed on top of a
mass balance.
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3.3.2.5 Instrumentation

Phase 1 experiments served the purpose of identifying key differences
between inert and timber-lined compartments. Nevertheless, based on the
available data, a complete external plume characterisation was not possible;
either necessary data were not recorded or were recorded but would benefit

from a higher accuracy data gathering. Phase 2 served that purpose.

The instrumented facade was used in Phase 2 and 3 as well, as it provided a
comparison for the impact of burning in the external plume for the experiments
conducted. Additionally, only one heat flux gauge was used opposite the
compartment opening; this served as a general comparison of the far field

radiation on the gauge.

In Section 3.3.1 video footage was used for flame shape and dimensions —
however no calibration was used. In the propane experiments camera
recorders were set as perpendicular to the plane of the external flaming as
possible. Moreover, a checkerboard was used to provide the means of
calibrating the footage and extracting higher fidelity results for flame

dimensions.

Two out of the six bi-directional pressure probes used were coupled with more
sensitive differential pressure transducers to provide a more accurate flow
estimation. Despite the fact that flow measurements were of low accuracy,
recorded values appeared to have relatively small errors, indicating a good

repeatability between two experiments of the same configuration.

During the Phase 1 experiments a correlation arose of the excess fuel released
from a compartment and the incident heat fluxes onto the surroundings of the
compartment. This was previously supported showing a weak correlation
between the two [75, p. 405]. However, in order to quantify the plume’s

contribution and characterise it, gas phase measurements were necessary.

3.3.2.5.1 “Tiresias” — the external thermocouple tree

An external thermocouple tree, herein referred to as “Tiresias”, was

repurposed from a previous thesis project [103]. Modifications made to the
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original thermocouple tree to aid image processing in the analysis section.
Tiresias provided a temperature matrix for the external plume, similar to the
work of Yokoi, Tang et al., and Asimakopoulou et al. [76], [104], [105]. A picture
of Tiresias is shown in Figure 3.13 (a); the layout of the thermocouples on
Tiresias is shown in Figure 3.13 (b) and (c). Glass fibre thermocouples of

1.4 mm diameter were made in the lab and attached to the external tree.

300 mm
300 mm

300 mm 300 mm
300 mm 300 mm 300 mm

300 mm

400 mm
400 mm

150 150 150 150
mm mm mm mm mm mm
(a) (b) (©)

Figure 3.13. (a) Picture of Tiresias in its reformed shape; (b) Front view of the
Tiresias; (c) Side view of Tiresias. Green dots on the sketches indicate the
thermocouple location.

3.3.2.6 Instrumentation errors

The thermocouples used in Glew’s thesis [103] were:

¢ 0.25 mm Inconel seethed industrial made thermocouples;

e 1.4 mm glass fibre, lab-made thermocouples.
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A sensitivity analysis of the acquired data from Glew’s thesis was performed.
The deviation of the lab-made thermocouple from its thinner industrial-grade
counterpart was, on average, 3% (or approximately 18 °C) [103]. This error is
considered acceptable, given the advantages of manufacturing
costs/replacement and robustness of the glass fibre thermocouples when

exposed to naked flames.
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Chapter 4 — Excess fuel

This chapter is concerned with the first experimental programme, hereafter
referred to as Phase 1. This first programme of experiments was intended to
identify how the presence of timber linings affected the mass loss rate of a
compartment fire and whether the incident heat fluxes on the surroundings of

the compartment's opening were affected by the presence of timber.

The methodology that was followed during Phase 1 is described in detail in
Chapter 3. In short: a compartment box was created, and a wood crib ignited
within it; different combinations of CLT and inert materials were used to line
the box so that differences could be quantified; measurements were made of
mass loss, heat release, flow and temperature in the opening, and heat flux

opposite and above the box.

The novelty of this approach was that this phase of experiments brought
together measurements of the internal fire behaviour (i.e. mass loss) with
characterisation of the fire spread hazard from the external plume into a single
experimental programme. Previous work on the external plume had been
limited to “traditional” compartments with non-combustible linings [69], [76];
other previous work had used some combustible linings, but had not
characterised the external plume [70]. Much of the previous work had also

focused on extinction of timber [8], [86].

The latest available work (2019) on timber-lined boxes that recorded external
fire spread characteristics only regarded visual observations and heat fluxes
onto the facade [9]. Contemporaneously with the work that was undertaken for
this thesis, Gorska was undertaking a doctoral dissertation on a similar topic.
However, unfortunately, as this work was running almost in parallel and there
were limited publications available to inform the development of the present
study. Given the similarity between some of the experiments in Gorska’s
thesis, and those undertaken within this work — some of the datapoints from
Gorska’s thesis have been used to supplement the data gathered within this

phase of experimental work.
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4.1 Results

Key observations from the Phase 1 experiments are shown in Table 4.1.

Table 4.1. Significant observations for all experiments.

CLT back wall

No CLT CLT back wall ~ CLT ceiling and ceiling

1 2 1 2 1 2 1 2

Time to
external 1:31 1.23 0:49 1:24 1:10 1:38 1:33 1:35
flaming
Time to
cease external [ 33:00 31:00 41:00 42:00 48:.00 46:00 64:00 53:00
flaming 2
Peak HRR
(kW)
Average
HRR (kW) ?
Peak
heat flux
near field 124 133 147 12.4 14.5 13.0 12.7 11.9
(opposite
opening)
Peak
heat flux
at 0.24 m 12.3 13.7 165 15.2 19.3 18.0 17.3 22.9
above
the opening

150 169 168 176 189 182 199 195

145 155 155 170 175 175 185 185

a estimated visually to the nearest minute
bduring approximate steady state

All the experiments had similar times to initiation of external flaming. However,
in the timber lined compartments the duration of external flaming was 10 to 15
minutes longer (for the case of one exposed surface) and up to 20 minutes or
longer (in the case of the two exposed surfaces). The experiments with inert
linings burned out when the fuel was consumed; manual extinction was applied
to all experiments with exposed linings to protect the instrumentation;
delamination of the first lamella occurred during one of the experiments with

two exposed CLT linings and was manually extinguished while still flaming
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externally; the delamination is reflected in data acquired for mass, HRR, heat

fluxes, and flame heights.

The heat release rate was higher in the experiments with exposed CLT linings
compared to the inert compartments, as was expected. Heat fluxes opposite
the opening were comparable between the experiments, without a discernible
difference (i.e. on average for each configuration there was a +7% deviation
from the baseline inert experiments); heat fluxes on the fagade increased as
more timber linings were included in the enclosure (on average deviations

ranged from 22% to 55% from the baseline experiments).

During the experiments, the combustible contents of the compartment create
different stages of the fire, starting from ignition until extinction (by decay or by

manual means). These are depicted in Figure 4.1.
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Figure 4.1. Stages of a compartment fire (inert configuration experiment).

The crib is ignited at 0 seconds; after the crib’s ignition, the fire grows; following
the growth period, the compartment undergoes a flashover (all combustible

contents ignite). After flashover and a peak (here in HRR), the compartment is
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at the fully developed stage; at this period, a quasi-steady state was
considered the time during which the smoothed data plot was approximately
horizontal (5% fluctuations) for more than two minutes; this is an arbitrary
decision from the author that was considered satisfactory for the present
analysis. The average value of different measurements during the steady state
period will be later referred to as ‘average value’. After the steady state period,
the movable fuel load (in this experimental programme wood cribs) is
exhausted. If the rest of the combustibles also cease to burn, this leads to a
decay phase, and eventually extinction (or burnout); if the combustibles
continue to burn, this can lead to a feedback loop, and the fire can enter a

secondary stage of steady state burning.

41.1 Mass loss rate and Heat Release Rate

Figure 4.2 (a) shows the calculated HRR, from calorimetry, over the course of
the experiments; Figure 4.2 (b) shows the mass loss rate over time for all the
experiments. Raw data were smoothed with a local regression function over a
period of 120 seconds; data acquisition stopped close to burnout or when

manual extinction was used.
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Figure 4.2. (a) Heat release rate over time for all the experimental configurations; (b)
Mass loss rate over time for all the experimental configurations.
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Table 4.2 and Table 4.3 present some comparison for the HRR and mass loss
rate data, to reflect the repeatability between the two experiments of the same

configuration.

Table 4.2. Mean and standard deviation of HRR between iterations of the same
configuration.

Average Standard Average Standard

difference deviation difference deviation
(kW) (kW) (%) (%)
No CLT 9.5 7.8 10.4 8.51
CLT back wall 10.0 16.1 11.2 18.11
CLT ceiling 8.8 12.2 7.4 10.23
CLT back wall 111 205 8.7 16.10

and ceiling

Table 4.3. Mean and standard deviation of mass loss rate between iterations of the
same configuration.

Average Standard Average Standard
difference deviation difference deviation
(9/s) (9/s) (%) (%)
No CLT 0.2 0.6 3.6 10.8
CLT back wall 0.1 1.2 1.9 18.3
CLT ceiling 0.6 1.2 6.6 13.1
CLT back wall 0.6 13 57 13.8
and ceiling
190 @ NocCLT 120 & MocCLT
@ CLT back wall 110 ﬁ CLT back wall
I CLT ceiling & ¥ cLT cailing
180 & ©LT walland ceiling 100 $ oLT walland ceiling
90
Z 170 % 2 8
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150 % =0 =
40 {D
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Figure 4.3. Averaged HRR at the (a) steady state and (b) decay phases for all

configurations.
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Figure 4.4. Averaged mass loss rate at the steady state and decay phases for all
configurations.

It is evident from both sets of graphs that in the cases where timber was
exposed, both the HRR and the mass loss rate were higher. In the case of
exposed CLT wall and ceiling, HRR and mass loss rate were (unsurprisingly)

higher over the rest of the configurations.

Figure 4.3 shows the average HRR for steady state and decay for all
experiments. On average, there is approximately a 20% deviation in the case
one exposed surface; in the case of two exposed surfaces the deviation went
to 30%. In the quasi-steady state, the percentile difference is 12%, 23%, and
27% for the CLT back wall, CLT ceiling, and CLT wall and ceiling
configurations respectively. However, in the decay phase these differences are
approximately 30% for both cases of one exposed lining and 43% for two

exposed linings.

Figure 4.4 shows mass loss rate data in a similar manner. For the mass loss
rate, on average, there is approximately a 35% deviation in the case of one
exposed surface, and for two exposed surfaces that was 40%. In the quasi-
plateau, the percentile difference is 10%, 14%, and 17% for the exposed back

wall, ceiling, and wall and ceiling configurations respectively. In the decay
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phase these differences had a significant deviation, with approximately 45%

for both cases of one exposed lining and 61% for two exposed linings.

4.1.2 External flame heights and incident heat fluxes

4.1.2.1 Detecting flame height

350 30

Flame height (px
Percentage variation (%)
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0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (min) Time (min)

(a) (b)

Figure 4.5. (a) Smoothed data over 120 seconds for different sampling rates; (b)
Percentage difference of the smoothed data between the two different sampling
rates.

The video footage from all experiments was processed using a MATLAB script.
Sampling rate was initially set at every frame, however, this was
computationally expensive, so data was instead analysed at a rate of 1 Hz. It
was found that once the data was smoothed (over 120 s, the same smoothing
applied to all presented data herein) the average percentage variation between
the two methods was 3%, as shown in Figure 4.5.

Once the sampling rate was established, video was processed by analysing
the image. A brightness threshold was used to distinguish between flames and
the rest of the elements in the image. This brightness threshold varied per
experiment as where smaller flames were present more sensitivity was
required; adjustments were also made in order to avoid misidentification of the
reflective surfaces as flaming regions. The RGB image was transformed into

binary (black and white pixels). The largest white region represented the
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continuous external flaming; the pixel height was extracted from this region.

The raw and engineered images are shown in Figure 4.6.

() (b)

Figure 4.6. (a) Raw video image; (b) Engineered binarised flaming region.

Objects with a known dimension within the field of view were used to provide
a pixel-to-millimetres transformation ratio. While this approach yielded results,
the potential inaccuracy was not quantifiable solely by these results, as there
was no means of comparison. As it is shown in Chapter 5, where a camera
calibration was done, when the camera is perpendicular to the plane of the
flames, the standard deviation is approximately 0.5 mm among the different
points of the image. If the camera is not perpendicular to the flames, the angle
of shooting and also the lens’ curvature can potentially affect the accuracy of

the image.

Figure 4.7 illustrates the flame heights above the top of the opening, as were
recorded using a video camera. Data gathered below the opening were
disregarded in this analysis. The flame heights in each case are illustrated

using a solid black line. It is observed that the experiments with exposed timber
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linings had a higher flame height. During some experiments the top of the
flame was obscured by the extraction hood (where it was lowered to prevent
products of combustion from spilling into the lab); in these cases, data are

omitted from the plot after this time.
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Figure 4.7. Flame heights over time for all configurations.

4.1.2.2 Incident heat fluxes from the external plume and opening

Heat fluxes measured by the heat flux gauges (HFGs) on the facade are shown
in Figure 4.8. The compartments with no exposed timber had a lower incident
heat flux on the facade, as heat fluxes were consistently lower than the case
of one (20% and 30% for exposed back wall and ceiling respectively) or two
exposed timber surfaces (on average 60% higher). In all exposed timber cases
there was a longer burning time (especially in the case of the two exposed
surfaces).
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Figure 4.8. (a) Heat fluxes on the facade (1300 mm height from floor level); (b) Heat
fluxes on the fagade (940 mm height from floor level). Red lines indicate substituted
data from the co-located TSC.

As shown in Chapter 3, thin skin calorimeters (TSCs) and HFGs have a good
agreement, with a mean difference of 0.36 kW/m?. Due to this fact, heat flux
gauge data missing in one of the CLT back wall experiments, due to
instrumentation failure, were substituted with the TSC data from the respective

positions.

The methodology chapter demonstrated the value of TSC data and deviations
noticed in comparison to a heat flux gauge. Utilising the TSCs, more
measurements were possible onto the facade surface. Figure 4.9 illustrates
the relationship of flame heights recorded above the top of the opening over
the incident heat fluxes on the facade. The contour plot records the temporal
evolution of heat fluxes over height. There is a clear correlation of the two, with
an agreement of the flame height trends to the corresponding heat fluxes
incident to the fagade. A time lag is observed on the measured heat fluxes, as
they tend to follow the flame height plots.

96



Chapter 4 — Excess fuel

40

- a0 -
E E
£ 800 _ 5300 _
g 3 ERy 2 N EXy
éauu g s éauu g s
o = 20 = o T 2
o T 3 [ T g
B 400 © o B 400 o w
=] o =] o
£ 5 0 £ £ E 0 2
2 200 - 2 200 -
] ]
T o T 0
0 20 40 60 0 20 40 60
(a) Time (min) Time (min)
- a0 = 40
E 800 E 800
E — E —
2 H EXx 2 o0 £l
éﬁuu b s éﬁoo b s
o 2 = o =2 =
o z a o = 2 x
E 400 p L E 400 © c
5 5
£ E w0 £ £ E w0 £
K= 7] - 2200 -
7] 7]
T = i) I ]
(b) 0 20 40 60 0 20 40 60
Time (min) Time (min)
— an = 800 40
E 800 E 800
g £ 0 2 600 £ 3 T
éﬁuu % z éﬁoo % :
e ] 0 5 e 400 © 0 5
& 400 - i & 400 H ©
a E 3 o E 3
; IS 10 £ g 200 © 10 £
w w
g 200 =200 p
I 0 ] I 0 0
(C) 0 20 40 60 0 20 40 60
Time (min) Time (min)
E 800 40 = 800 40
E E 800
E E
e N EXa e N EXs
c = £ T 600 = £
g 5 z g 5 :
o 400 20 5 ° 400 B 2y
8 3 L g 400 5 £
a £ & a £ k]
; 200 ® w0 £ ; 200 ® 1w 2
[ [
o (=]
o 2 200
] ]
T 0 Q T 0 0
(d) 0 20 40 60 0 20 40 60
Time (min) Time (min)

Figure 4.9. Contour map of heat fluxes over time and height: (a) No exposed CLT;
(b) CLT back wall; (c) CLT ceiling; (d) CLT wall and ceiling. White lines indicate the
recorded flame height over time.

Figure 4.10 illustrates the heat fluxes measured from the near-field HFG (at
650 mm distance opposite the opening) and the far-field HFG (at 1300 mm
distance opposite the opening); both were at 350 mm height from floor level.
In the case of one of the experiments of the simultaneously exposed back wall
and ceiling the support of the near-field gauge (attached to the vermiculite
shield) failed; results are reported up to that moment; data of the far-field gauge
after that moment are presented in the analysis section, for comparison

purposes.
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Figure 4.10. (a) Heat fluxes opposite the opening (at 650 mm distance); (b) Heat
fluxes opposite the opening (at 1300 mm distance).

The near-field measurements appeared similar for both cases of exposed and
non-exposed timber surfaces; at close range, the opening's radiation
dominated, leading to a scenario similar to Law's suggestion for an enclosing
rectangle [91]. This could be attributed to a configuration (view) factor towards
the radiant heat source; this is primarily affected by the opening. The proximity
and the angle of the external flaming to the HFG resulted in a configuration
factor that did not favour heat transfer to the gauge in a manner that could
affect the measurements significantly.

On the other hand, higher heat fluxes were recorded from the far-field HFG.
This indicates that the presence of combustible linings in the compartment
affected the external plume; the linings introduced more flammable gases on
the exterior of the compartment, leading to higher irradiance. Additionally, it
can be observed that the timber linings affected both gauges for longer, as the
burning time was extended.

4.1.3 Incident heat fluxes onto the facade and opposite

Figure 4.11 shows the heat flux distribution on the fagade, as it was measured

by the TSCs, at the time when the maximum heat flux occurred. In comparison
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to the peak heat fluxes measured for the inert compartment (18.8 kwW/m?), the

data from the exposed timber configurations were as follows:

o for the case of exposed timber on the back wall the peak heat fluxes

were 31% higher;

e the peak heat fluxes were 39% higher for the exposed ceiling

configuration;

o for the two timber linings, the peak heat fluxes were 125% higher than

the inert compartment configuration.

No CLT CLT back wall
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CLT back wall and ceiling
e
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Figure 4.11. Heat flux distribution on the fagade at the time of peak heat flux
occurrence (figure from [97]).

For the case of the exposed CLT ceiling, the slightly higher percentage
increase (compared to the exposed back wall surface) was attributed to a
shorter mixing time — leading to more oxidation on the exterior. The two
exposed surfaces had a higher heat flux, as all the additional fuel from the
second exposed lining could only burn outside of the compartment; that was
expected as the compartment was already oxygen-starved when peak values

were manifested for the cases of one exposed and no exposed lining.
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Figure 4.12. (a) Heat fluxes over height at peak (from the centerline TSC data);
(b) Flame standoff distance and height during peak heat flux.

As shown in Figure 4.12 (b), the external flaming coordinates have a direct
effect on the incident heat fluxes on the facade. The heat fluxes mostly have
the same trend between the same experimental configurations. A noticeable
discrepancy is shown between the experiments with the two exposed CLT
surfaces; this is explained due to the fact that the flame appeared to be closer
to the facade, compared to the repeat experiment. As it was noted before in
the current text, the flame dimensions serve more of a qualitative check in this
work, as a camera calibration procedure was not performed. Where there were
visual obstacles in the recording procedure, data are omitted; consequently,

some repeats of the particular configurations are missing in Figure 4.12 (b).
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Figure 4.13. Heat flux measuments opposite the opening before and after the failure
of the vermiculite shield for the two CLT surfaces configuration.
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Due to failure of the vermiculite shield, a direct comparison of the heat flux
from the plume and a total heat flux from both the opening and the plume was
made possible. In Figure 4.13 the red square marks the heat flux before the
failure (2.5 kW/m?); the red star the heat flux almost directly after the failure
(5.0 kW/m?). This shows that, at the time of quasi-steady state burning, the
incident heat flux originating from the opening could be assumed to be
approximately 2.5 kW/m?2. Despite the fact that this is a single datapoint, it
could provide some insight into the contribution of the opening comparatively
to the plume; of course, only experimentation on this could provide further
understanding on whether this was a single occurrence or a repeated

observation.
4.2 Analysis of Phase 1

421 Mass and Heat Release Rate

The burning behaviour of the wood crib in the compartment fire is dependent
on the heat feedback from the surroundings. The mass loss measurements
were made for the compartment and fuel load as a whole (i.e. the movable fuel
load was not weighed separately).

An assumption about the HRR can be made at steady state, in an attempt to
decouple the contribution of the fuel load from the contribution of the
compartment linings. At steady state, the inert compartment fire had an
average HRR of 147.9 kW. Subtracting this from the steady state values of the
timber configurations, generated values as shown in Figure 4.14; the data of
the present work are presented alongside Gorska’s data [9], as her project was

strictly relevant with the current work.
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Figure 4.14. Net HRR of timber at steady state (excluding HRR of the fuel load)
versus the ratio of the exposed area of timber in the compartment to the total
internal area (excluding the floor and opening).

The two datasets create a strong correlation (R>>0.9). Another way to correlate

these two datasets is to compare the HRR per unit floor area (illustrated in

Figure 4.15). This method yielded a strong correlation as well (R?=0.9),

contributing to a more complete view on compartment fire dynamics as a whole

(both internally and externally).
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Figure 4.15. Total HRR per unit area at steady state versus the ratio of the exposed
area of timber in the compartment to the total internal area (excluding the areas of

floor and opening).
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Notably, these two experimental campaigns used different fuel types and fuel
loads; nevertheless, data hold a strong correlation, especially in the
experiments where timber was exposed in the compartment space. Despite
the fuel type difference, the percentage of exposed timber seems to be the
variable that leads the phenomenon (once timber is exposed).

Based on indicative measurements at the compartment opening, it was
possible to sample species concentrations (O2, CO, CO2) to estimate the
internal heat release rate. These measurements are presented in Figure 4.16
for qualitative comparison only, due to their low fidelity. It seems that a more
efficient combustion in the interior of the compartment can potentially be
attributed to experiments with exposed timber. The indicative readings are
presented to be higher for the timber configurations. Gorska suggested in her

thesis an equation for the internal HRR (Q;,,), presented below.
Qin = 3000-0.4-A,VH (22)

where A, is the area of the opening [m?]; and H is the height of the opening

[m].
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Figure 4.16. External HRR estimations for different percentages of exposed timber
area (two different methods for estimation of the internal HRR).
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The range between the two different methods is, admittedly, vast. In the
analysis section of this chapter, there is an additional comparison of the

potential global equivalence ratio values for each experimental setup.

422 Classic compartment framework

Since the ventilation factor remains unchanged, due to the fact that the
opening was the same for all experimentations, higher temperatures were
recorded for the configurations with exposed timber. Results are plotted in
Figure 4.17. Law’s correlation appears to underestimate the temperatures
where timber was present in the compartment. The highest temperatures at
the opening were recorded for experiments including exposed CLT at the back
wall. This could be indicative of better mixing conditions leading to higher

temperatures from a higher combustion efficiency.
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Figure 4.17. Peak temperature and ventilation factor (modified figure from [91]).
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Figure 4.18. Averaged peak compartment temperature during steady state burning
compared to the modified opening factor for the experimental configurations
(modified plot from [69]).

Figure 4.18 illustrates the plot Thomas and Heselden presented in their work
in 1972 [69]. The dataset created from the current work, as well as Gorska's
data, are plotted in the figure. A modification of the opening factor, for the
experiments containing CLT (combustible) surfaces was done according to

Gorska’s suggestion in her thesis [9]. The equation is:

At - ACLT

0 = 23
mod AW\/ﬁ ( )

where A7 is the surface area of the CLT [m?].

The timber surfaces are involved in the combustion process; heat is released
from the surface, ergo there are heat gains, not losses, from the timber
components of the compartment. Due to this fact, Gorska proposed the area
of these surfaces is subtracted from total wall area A; of the opening factor,
resulting in lower values of 0,,,4, @s more timber gets exposed. Gorska’s

method essentially aligns with the assumption used for the original method to

105



External fire spread from timber lined compartments

formulate the opening factor, by Thomas and Heselden. Due to this fact, it is

adopted herein.

The data used in this figure are the highest temperatures recorded, at steady
state, at the compartment opening (since internal temperatures were not
recorded). The current dataset falls close to the proposed line by Thomas and
Heselden, similar to the Gorska dataset (also plotted in Figure 4.18). This
proves a good agreement with the classic compartment framework theory;
using the curve Thomas and Heselden produced, with a modified opening
factor appears to yield valid temperature predictions. The ventilation factor has
the capability to capture only convective and radiative losses; where openings
have the same shape, a differentiation is not possible. Conversely to the
ventilation factor, the modified opening factor leads to better data correlation
and prediction of compartment temperatures, as the conductive heat losses
(not just convective and radiative) are also accounted for; due to this,

observation of differences is possible.

A comparison of the HRR and mass loss rate at steady state and during the
decay phase with the corresponding modified opening factor is shown in
Figure 4.19. The decay phase was considered an arbitrary interval of 1200
seconds, from time t1=1300 s to t2=2500 s, as in all cases this was the time
after the steady state. There appears to be a strong correlation of the modified
opening factor with the total HRR and mass loss rate. This is expected since
the burning rate is affected by the amount of heat losses of the system, and
the surface area of combustible linings (turning the heat losses on these

surfaces into heat gains for the control volume of the compartment).
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Figure 4.19. (a) HRR at steady state; (b) HRR at the decay phase; (c) Mass loss
rate at steady state; (d) Mass loss rate at the decay phase. Opening factors
modified using Gorska'’s equation.

4 2.3 The GER and the “burning factor” in the compartment framework

The calculation of the GER for the experiments requires measurements of the
mass loss rate and mass inflow rate of fresh air into the compartment. It was
found that the pressure probe data were unreliable with respect to the
calculation of mass flow into the compartment. To allow calculation of the GER

(from Equation 5), two different methods of estimating the mass inflow of air
were used:
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(a) the mass inflow rate was calculated from the formula m, ~ 0.5-AVH from
Kawagoe [106];

(b) a more complex approach proposed by Bartlett and Law [90] was also
used (the assumptions used herein are similar to the ones Bartlett and Law

made in their publication). The equation is:

2.044,./H,

Mg = 3
D] @

where 4, is the area of the opening [m?]; H,, is the height of the opening [m]; ¢

is the global equivalence ratio [-]; r is the stoichiometric air-to-fuel ratio [-]. This
is an iterative process; it was found that for the current dataset values

converged after 10 iterations.
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Figure 4.20. (a) Global equivalence ratio values calculated using the theoretical
mass inflow rate from Kawagoe; (b) Global equivalence ratio calculated using the
Bartlett method. Blue dotted lines indicate beginning and ending of visual external

flaming from video data.

The results using the values of ventilation from Kawagoe are presented in
Figure 4.20 (a). GER values appear to be higher for the cases of exposed CLT,

therefore the potential time of burning outside the compartment was longer for
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all exposed timber cases (as was also evident from the video processed data

shown in Figure 4.7).

However, the results from the ventilation equation from Bartlett and Law in
Figure 4.20 (b) led to data that better reflect what was observed from the video
footage in terms of the times at which external flaming commenced and
finished (data shown in Table 4.1). The blue dotted lines on both sets of graphs
reflect the average time for onset and cessation of flaming. It appears the
second method (shown in Figure 4.20 (b)) is a better predictor of the
initiation/termination of external flaming. It is worth mentioning that GER values
in Bartlett’s method are almost twice the values of the Kawagoe method. This
is primarily due to the fact that the Bartlett and Law method assumes less

oxygen will become available in the compartment, leading to more external

flaming.
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Figure 4.21. Comparison of GER values (steady state) using two methods with
theoretical and experimental estimation of the ratio of total to internal HRR (grey
envelope).

Both the measurements of species at the compartment opening and Gorska’s
suggested equation led to an estimation of the internal HRR. The ratio of total
to internal HRR is the ratio of what was burnt in total to what was burnt inside

the compartment; therefore, this is a ratio same as GER. This results in a
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confidence interval of GER values (from measured and theoretical internal
HRR) that the Kawagoe and Bartlett ventilation methods can be compared to.

This comparison is illustrated in Figure 4.21.

The Kawagoe method appears to be at the lower bound of the (HRR produced)
GER confidence interval. The Bartlett method is more centrally located with

the range (apart from values for the two CLT surfaces configurations).
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Figure 4.22. GER at steady state correlated with the modified opening factor for (a)
Kawagoe’s ventilation method and (b) Bartlett’s ventilation method.

Figure 4.22 illustrates the relationship of GER (applying the ventilation
methods of Kawagoe and Bartlett) with the opening factor. The opening factor
corresponds to heat losses. Since the GER is linked to the fuel production
(through mass loss rate), a better correlation was expected. The data produced
by the Kawagoe method appear to correlate better than the Bartlett method

counterparts; despite this fact, no strong correlation was presented for both.

Bartlett and Law devised the burning factor as a method of correlating the GER
to the properties of the compartment. The burning factor accounts for heat
gains in a compartment fire with timber linings in comparison with the

convective and radiative losses from the opening [90].
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Figure 4.23. (a) GER at steady state using the Bartlett-Law burning factor; GER at
the decay phase (after fuel burnout) using the Bartlett-Law burning factor.

As Bartlett and Law noted in their work, the burning factor correlates well using
a linear correlation (R?>0.9) with the GER during the decay phase; this is
evident in Figure 4.23 (b) for the current dataset. As a decay phase was
considered the phase when the fuel was mostly spent; this moment was
arbitrarily chosen from the video data, since mass loss measurements were
made of the compartment as a whole (not the fuel load separately to the

compartment).

The burning factor appeared to not correlate well at the steady state period
(following the peak), again supporting the unsuitability of the burning factor for
such correlation; this was noted in the Bartlett and Law work [90]. This is

indicative of the crib behavior dominating the overall compartment conditions.
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Figure 4.24. (a) Correlation of heat fluxes opposite the plume and on the facade with
the modified opening factor; (b) Correlation of heat fluxes opposite the plume with
the mean mass loss rate. (Opposite: near field at 650 mm; far field at 1300 mm.
Facade: bottom at 940 mm; top at 1300 mm.)

A correlation of the heat fluxes from the plume, measured opposite the
compartment, with the opening factor and the mass loss rate are shown in
Figure 4.24. There appears to be a direct correlation of the heat fluxes from
the plume (far field measurements) to the opening factor (R?=0.9). This is
potentially due to the fact that the far field measurements capture only the
plume, excluding the opening. The modified opening factor (representing heat
losses through the opening), which correlates to the mean compartment
temperature, is shown here to have a relationship with far field heat fluxes. Far
field heat fluxes are a product of the plume’s irradiance, which is due to the
plume temperature profile emitted to the heat flux gauge. The rest of the heat
fluxes are not strongly related to the opening factor, potentially due to
dependency on other factors as well. Notably, there appears to be practically
no correlation of the opening factor to the near field measurements. This is no
surprise, as it was mentioned previously that the radiation from the opening
dominated the results; due to this fact, the relationship of the rest of the heat

losses (conductive and convective) is not “translated” into this correlation.
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On the other hand, the averaged mass loss rate does not appear to be linked
to the resulting incident heat fluxes on any of the gauges. The correlations are
weak (R?<0.5), which indicate that further factors are needed to predict the

heat flux distribution from the external plume.
4.3 Summary of findings

Preliminary conclusions from the Phase 1 experiments are divided in three
categories: (1) compartment fire dynamics; (2) GER and the burning factor;

and (3) external flaming.

4.3.1 Compartment fire dynamics

The heat release and mass loss rates are correlated with the ratio of exposed
timber area to the total area of the compartment (excluding the floor); that is

both at steady state and during the decay of the movable fuel load.

It was also observed that the exposed timber location seems to have affected
the mass loss rate and the resulting total HRR. The CLT ceiling configurations
presented higher values compared to the CLT back wall ones. This comes in
contradiction with mean values produced from Gorska et al. [107]. However,
accounting for error bars, their peak ceiling mass loss rate measurement is
approximately equal to the peak back wall one. Therefore, this dataset adds to
the observation of an equal (and in this case higher) mass loss rate for the CLT

ceiling, compared to the CLT back wall.

It was found that the results achieved a good correlation regarding the
Atiimber/Atotal ratio with both the net HRR (excluding the wood crib's contribution),
and the HRR per unit area. When combined with data from other sources, the

R2 value was around 0.9.

4.3.2 GER and burning factor

The experimental data for the GER were not considered reliable as there was
a large potential error associated with the data. GER was therefore calculated
using two different ventilation formulae. When the Kawagoe method was used,

the calculated values were at the lower boundary experimental range. The
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Bartlett and Law method was more centrally located within the experimentally
measured range (although some values were outside the bounds of the

experimental data).

Irrespective of the different absolute values given by the various methods —
each measurement showed that the GER was 12-38% higher for CLT lined

compartments (depending on the number of exposed surfaces).

The burning factor devised by Bartlett and Law does not offer useful
correlations for steady state with GER, as they also illustrated in their work. At
the same time, the burning factor correlates well with GER in the decay phase,

similar to Bartlett & Law’s observations for large scale experiments.

4.3.3 External flaming

4.3.3.1 Facade

On average, heat fluxes on the facade were 20-30% higher for one CLT
surface, compared to inert compartments; and 60% for two exposed surfaces.

Heat fluxes at the centerline of the facade strongly correlate with flame height.
Heat fluxes and flame heights appear to be slightly out of phase; generally
though, TSCs follow the flame height fluctuations.

At the bottom of the facade, centerline heat fluxes appear to be higher for
exposed ceiling; they converged to similar values as the height above the

opening increases.

4.3.3.2 Opposite

Near field measurements were approximately the same for all configurations;
the opening dominated the near-field measurements, leaving no discernible
contribution due to the external plume. Far-field measurements increased as

more surfaces were exposed.

In this chapter the assumption of Margaret Law’s work was explored (explained
previously in Chapter 2) — that, if the compartment’s (or opening’s) temperature

was known, this alone was sufficient to simulate the radiant emissions for a
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compartment fire. This assumption was based on observations that external
flaming did not last long and that the opening radiation was overestimated.
This is not the case where timber is exposed as the plume had a longer
duration and bigger dimensions compared to the plume from inert

compartments.

The far-field measurements of plume radiation correlate well with the modified
opening factor; none of the other heat fluxes presents the same correlation.
No notable correlation exists for heat fluxes and the mass loss rate. Limitation
for the instrumentation used to calculate the air inflow rate, video analysis,
species measurements at the compartment opening, as well as the imposed

fuel load need to be addressed.

Addressing these can aid characterisation of the plume and to, decouple
effects of the fuel load on the velocity measurements, and focus the study on
the understanding of the effect of exposed timber on external fire spread.

4.3.4 Overall

Overall the Phase 1 experiments demonstrated that there were substantial
differences in GER and heat flux between compartments with inert linings and
compartments with CLT linings. However, Phase 1 also demonstrated
potential problems of experimental control and measurement when using
timber as a fuel source. With the key magnitudes of burning rate and heat flux
in a CLT lined wood crib compartment fire established — subsequent chapters

will explore the plume dynamics in more detail.
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Chapter 5 — Creating a Baseline

5.1 Introduction

The previous chapter highlighted differences in external fire spread between
“traditional” (i.e. inert) compartments and timber-lined compartments. Key
differences in heat release rate, mass loss rate, heat fluxes, and flame heights
were reported. The effect of timber linings in the compartment on the external
plume was measured in terms of the heat flux and flame length. However,
greater knowledge of the plume was required in order to gain greater physical

insight about the parameters controlling the external fire spread hazard.

In order to establish the impact of timber linings on the external plume, it is
firstly necessary to establish a baseline characterisation of the plume for a
compartment with inert linings. The purpose of this is twofold — firstly, it will
allow any differences associated with timber linings to be more easily detected.
Secondly, it will allow the results from the current experimental programme to
be compared against previous literature.

An experimental programme was therefore designed, with improvements and
additions on the experimental system where necessary to lead to a more
complete characterisation of the external plume.

The new apparatus design aimed to remove fuel-to-linings measurement
dependencies. Additionally, the new fuel source would offer more control, and
will not interfere with the flow measurements at the compartment opening. The
fuel source was therefore switched from wood cribs to a propane burner — as
described in Chapter 3. As will be described in this chapter, the propane burner
also provided greater repeatability between repeats of the same experimental

configuration.

A calibration of the cameras offered more reliable dimensional interpretation
of the video data, thus aiding the plume spatial characterisation. Except for

flame heights (and widths), the trajectory of the plume can provide additional
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interpretable data to show whether or not trajectories are affected by the

exposed timber inside the compartment.

The global equivalence ratio (GER) served as a crude metric for the indication
for initiation of external flaming. In this experimental programme GER was
used as a means to determine over- and under-ventilated conditions for the
compartment, in order to examine a range of different scenarios; this aimed to
identify a potential scenario for later use in the timber-lined experiments of
Chapter 6.

A lack of gas phase measurements for the external plume was mentioned in
the previous chapter. For this reason the Tiresias external thermocouple tree
was employed (as fully described in the Methodology chapter). Tiresias
allowed to have temperature readings of the plume without obscuring the direct

view of the cameras to the plume.

The intent of the gas phase measurements was to allow temperature profiles

such as those described in Yokoi's work to be constructed.

An iterative process was undertaken to determine the duration of the fire and
the use of a single or multiple propane flow rate values. After this process,
whereby the propane was gradually ramped up over the course of the
experiments, it was found that more reliable data were obtained when each
experiment was conducted using only single value of propane mass flow per
experiment. This approach meant that after an initial period (between 10 and
15 minutes) where the compartment heated up, the compartment reached a
reasonably steady state. All measurements within this steady state period
oscillating around a steady value. The experiments were run for approximately
20 minutes; this time was found to be sufficient to achieve a steady state for
all the measurements, through the iterative process, without damaging the
equipment. The last 5 minutes of the experiment were used to extract what
was considered steady state values. These values were smoothed over 120
seconds, resulting in the same smoothing as the previous experimental

programme.
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The flow rates were varied parametrically and set to achieve a GER (using
Kawagoe’s ventilation method) of 0.25, 0.50, 0.75, and 1.00 in this

experimental programme.

Four propane flow rates were used. The peak flow corresponded to GER of
1.00. The rest of the flow rates were a percentage of the peak flow rate; these

were as follows:

(a) 0.85 g/s (25% of peak flow rate);
(b) 1.70 g/s (50% of peak flow rate);
(c) 2.55 g/s (75% of peak flow rate);
(d) 3.40 g/s (peak flow rate).

These values aimed to ensure that any difference introduced by adding timber
linings (as described in Chapter 6) would be measurable in the experiments.
As a GER equal to 1.00 would ideally result in all fuel being consumed inside
the compartment (which was disproved in the previous chapter), all additional

fuel burning externally would be due to the presence of timber.
5.2 Results

5.2.1 Heat release rate
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Figure 5.1. Example of internal and total HRR estimations for GER 0.25. The gray
area represents the sampling interval.
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Estimations of heat release rate (HRR) of both the compartment interior and
the total were made. Capturing the internal HRR led to quantifying how much
energy is released in the compartment interior (and as result also the exterior);
this was especially useful for the timber experiments that will be described in
Chapter 6. Figure 5.1 shows internal and total heat release for a GER of 0.25.
As would be expected for such a low value of GER the measured values are
very similar — indicating that most of the burning occurred internally. This
agreement between the total heat release rate and the internal heat release

rate gave confidence that the measurement technique was effective.
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Figure 5.2. Heat release rate for different GER values.

Values from the last 5 minutes of the experiment are averaged, to acquire
measurements at this steady state. Based on these, Figure 5.2 depicts the

mean values from all GERs produced in the experiments.

The total HRR increases linearly; this is expected due to the linear increase of
the propane flow rate. For the first two cases (GER 0.25 and 0.50) it is shown

that the internal HRR matches the total, thus proving the observation that all
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fuel is consumed within the compartment to be correct. Deviation of the
calculated HRR (both internal and total) from the nominal HRR value are
related to the cumulative error associated with the sampling and calculation
process [101], [102]. Whereas internal HRR is shown to increase linearly until
GER 0.75, it appears to reach a plateau at GER 1.00. The total HRR of GER
1.00 is higher than the internal, which means that fuel is also burning

externally.

It was concluded from the measurements presented above that the system
created can deliver reliable measurements. The quantification of internal and
external HRR was essential for the parts of the analysis in the following
chapters.

5.2.2 Heat fluxes

Heat flux measurements were made in order to have another form of
comparison among the different experiments. The data can also be used as a
comparison with the previous experimental phase; it is important to note that
this can suffer in objectivity, as the emissivities of the fuel source and the

compartment boundaries were different.
5.2.2.1 Facade

The instrumented facade of Phase 1 was used in these experiments. For the
experiments of 0.25 and 0.50 GER, the lower TSC recorded very low values.
The data from the upper instrumentation did not register sufficiently readings.
For this reason, only the bottom TSC’s data will be presented in comparison

to the rest of the experiments that were conducted (Figure 5.3).
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Figure 5.3. Heat flux at 820 mm height (from floor level) for all GERs.

The linear increase of GER led to a non-linear rise in heat fluxes on the facade

(as shown in Figure 5.3).
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Figure 5.4. Heat flux distribution on the fagcade for: (a) GER 0.75; and (b) GER 1.00.
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The heat fluxes on the facade for GER 0.75 and 1.00 are presented in
Figure 5.4. As expected from Figure 5.4, the heat fluxes were higher, in

general, for the experiment with the peak GER.

5.2.2.2 Opposite

Measurements of the total heat flux opposite the compartment were made.
They aimed to demonstrate differences among the different fuel supplies; the
measurements provided a baseline comparison for the Phase 3 experiments,
which re-introduced timber in the compartment. Figure 5.5 shows the incident
cumulative heat flux opposite (accounting for the opening and, where
applicable, the external flaming).
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Figure 5.5. Incident heat fluxes opposite the compartment opening for all fuel
supplies.

The results show a linear correlation of the fuel supply with the heat flux
opposite. Although Chapter 4 (see Figure 4.24) demonstrated that no
meaningful correlation exists between the heat fluxes and the mass loss rate,
this does not appear to be the case here. Further investigation was done in

Chapter 6 with experiments with timber linings.
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5.2.3 External plume temperature profiles

Gas phase temperature measurements were made using the Tiresias tree.
These measurements showed that a greater GER vyielded high temperatures
over a larger region. The Tiresias system logged the external plume
temperatures for all GERs used. Temperature profiles are illustrated in
Figure 5.6. Values between thermocouples are interpolated to create the

contour plot.
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Figure 5.6. Time-averaged temperature profiles of the external plume for:
(a) GER=0.25; (b) GER=0.50; (c) GER=0.75; (d) GER=1.00.

Tiresias was able to capture data that reflect both the overall shape and the
dimensions of the external plume. This aids a direct comparison among the

various GERs. Interestingly, the gas trajectory is also visible in these plots.
5.3 Analysis

5.3.1 External flaming

The temperature measurements from Tiresias allowed the gas temperature to
be estimated. However, as noted in the literature review, flame height has been
of key interest the practitioners and scientists alike. The extent of the flaming

region is known to influence the heat fluxes on the fagade. The videos that
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were captured during the experimental programme allowed a detailed analysis

of the dimensions of the plume.

Video analysis from the Phase 1 experiments revealed the importance of a
proper calibration of the camera recorders. In this experimental programme, a
checkerboard, of known square size, was used for the calibration procedure;
this assured that measurements would be of a high fidelity. A representation
of the calibration procedure is shown in Figure 5.7.
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Figure 5.7. The calibration checkerboard points identified by MATLAB before the
experiment.

The checkerboard was identified by the default command in MATLAB; the
points of the squares are translated in coordinates. The coordinates lead to
the pixel dimensions of the square edges; using these, a pixel-to-millimeter
ratio can be calculated. On average, there were insignificant inherent errors in
the camera measurements, as was evident by the calibration procedure. Since

the cameras were set perpendicular to the opening, and the center plane was

125



External fire spread from timber lined compartments

used for calibration, the acquired data present a standard deviation of

approximately 0.5 mm.

The flames’ dimensions were determined using the same script as in Phase 1.
The peak horizontal and vertical distances were recorded as flame standoff
distance and height, respectively. Figure 5.8 shows an example of the analysis
of flame height. This shows significant variation in terms of the detected
maximum flame height — however this is to be expected given the inherent
intermittency of diffusion flames. The data in Figure 5.8 show the raw data and

the average flame height (i.e. the 50% intermittency).
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Figure 5.8. Example total flame height estimation for a GER of 1.00.

5.3.1.1 Dimensions

The first two fuel supplies (GER of 0.25 and 0.50) did not result in external
flaming; thus no video analysis was performed. For the other two fuel supplies
(GER 0.75 and 1.00) external flaming was visible. The data for flame heights
and widths from these are presented in Figure 5.9 — with the average location

(i.e. 50% intermittency) marked.

The difference between the two scenarios is more clearly illustrated with a
contour plot (Figure 5.10) — where the overall shape of the flame is more
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evident. To clarify, the contour plots depict clear flame heights (i.e. height of
the flame above the top of the opening). It is clear from this data that
(unsurprisingly) the greater the mass flow rate of fuel, the higher external
flaming became. However, it is notable that the standoff distance was almost

identical for the two experiments.
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Figure 5.9. Relationship of flame standoff distance to height for the configurations
that presented external flaming.
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Figure 5.10. Intermittency plots of (a) GER 0.75; and (b) GER 1.00 fuel scenarios.
The compartment opening is at the right side of each contour plot.
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5.3.1.2 Plume trajectory

Yokoi, in his extensive report on external plumes, identified certain patterns of
the plume trajectory [76]. The patterns were related to the presence (or the
lack there) of obstructions, and the ratio of the openings’ dimensions. The

original plot is shown in Figure 5.11.
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Figure 5.11. Yokoi's model compartment cross section (figure 7.2 from [76]); (b)
Trajectories of gases exiting various rectangular windows (figure 7.4 from [76]).
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Figure 5.12. Temperature profiles with multiple trajectories.
(a) GER=0.25; (b) GER=0.50; (c) GER=0.75; (d) GER=1.00.
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The n number (hereafter referred to as a ‘shape ratio’) was described in
Chapter 2. For the current compartment opening, the shape ratio is 0.14; this
falls below what Yokoi has calculated for (n=1 is the minimum value). Using
the ‘a@’, ‘b’, and ‘c’ trajectory, plotted over the external plume temperature
profiles, the accuracy of describing the plume trajectory is compared directly
with the experimental data. This is shown in Figure 5.12. The centreline of the
external plume, as this was manually drawn out over the centre points of plume
using a dashed white line, is also included in the figure. This supports the
decision to use the 'c' trajectory, as the one closest to the centreline.
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Figure 5.13. External plume variations: (a) time-averaged mean minus standard
deviation; (b) time-averaged mean; (c) time-averaged mean plus standard deviation.
The white contour lines represent the time-averaged mean temperature profile.

It is demonstrated in Figure 5.13 that there is slight difference when the
standard deviation, calculated for the values used to get the time-averaged
mean value, is added or subtracted from the mean. This establishes further

confidence on the visual fit of a trajectory is fit for the purpose.

Despite the fact that Yokoi’s shape factor for the current opening can be
considered to fall between the ‘a’ and ‘b’ trajectories, the experimental results

contradict that. The data points are closer to Yokoi’s ‘C’ trajectory curve. This
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information provides a baseline trajectory that will be used as a starting point

for the timber evaluation in the next chapter.

In addition to the trajectory extracted from the thermal data of the plume, the
video analysis vyielded trajectory data. The trajectory from the video
complements the one from the thermal plots; an envelope between the two

was formed.

5.3.2 Validation of current system with the classic plume theory

As noted in the literature review, several researchers developed models to
describe flame heights, in order to predict heat fluxes on fagcades. The current
setup was compared with these models to establish a baseline; the baseline

would provide a comparison point for the timber experiments.
5.3.2.1 Yokoi

Yokoi ran an extensive experimental series, covering various rising and
ejected plume scenarios. In his work, the external plume was extensively
studied and described on various cases. The common denominator on his
experimental programmes was the lack of persistent external flaming (with the
exception of flame tips ejected in some experiments). This initial approach
aims to show similarities and identify differences in the presence of a flaming

external plume.

5.3.2.1.1 Non-dimensional temperature

Yokoi created the concept of a non-dimensional temperature rise as a means
to compare plume data from different compartments, regardless of internal
dimensions, opening shape/size, and overall scale. The equation of the

non-dimensional temperature is repeated here.

A01,°/3

3| Q26, (26)

where 46 is the temperature difference (plume temperature minus ambient

temperature) across the plume centerline [K]; r, radius of the orifice (or the
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equivalent radius in the case of rectangular orifice) [m]; Q is the convective
heat output [W]; 6, is the ambient temperature [K]; ¢, is the specific heat of the
hot gas [J/(kg-K)]; p is the hot gas density [kg/m3]; g is the gravitational

acceleration [m/s?].
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Figure 5.14. Plume non-dimensional temperatures plotted over the Yokoi datasets.

Yokoi proceeded with a double logarithmic plotting of his comprehensive
dataset’s non-dimensional temperatures to the respective distance on the
centerline of plume. The natural next step for the dataset of this thesis was to

compare the results to Yokoi’s existing dataset; this was done in Figure 5.14.

The dataset was below the Yokoi model that can be extracted by his dataset.
Nevertheless, a deviation of the data of Lee et al. to values higher than those
of Yokoi is also seen in the same plot. Both experimental programmes (i.e. the
current one and the one from Lee et al.) had external flaming. Yokoi mentioned
in his work that this prediction model was to be used for rising hot currents, not
external combustion. That means that both datasets deviate from the original
purpose of the Yokoi model, thus possibly explaining these deviations.
Moreover, all three programmes (Yokoi, Lee et al., present thesis experiments)
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used different fuel sources. This could have been an additional factor for

deviation between these datasets.

5.3.2.2 Thomas and Law
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Figure 5.15. The Law correlation for flame heights and total burning rate (modified
figure from [80]).

As described in the literature review chapter, at the same period Yokoi
developed his model for the ejected plume, Thomas and colleagues were
working on a similar project [77]. Thomas and Law used Yokoi’s dataset and
replotted it using their model for flame heights of the ejected external plume
[79]. They concluded that their model was a suitable substitute for Yokoi’'s
model; Law proceeded some time after that to develop her design approach
[80]; she based this work on the joint work with Thomas [79]. The plot she
created is shown next; the data from this chapter are plotted in this to

demonstrate if the model is suitable for predictions.

The data used for the Law model development were based on compartments
with no obstruction above the opening — that led to external plumes with

different ventilation conditions compared to the one examined in this thesis.
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This becomes apparent from Figure 5.15 that the dataset falls below the Law

model.

5.3.2.3 Leeetal.
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Figure 5.16. Model by Lee et al.; current dataset is plotted and compared to

the extension of the current model.

Lee ran a series of experiments with inert compartments. These experiments
included various compartment size ratios, opening shapes and fire sizes. The
relation of the flame height to the external heat release rate was plotted by Lee
et al. [82]; using her resulting model, data from this experimental programme

are also plotted in the same fashion in Figure 5.16.

It is demonstrated that the Phase 2 setup follows the Lee model trend. External
flaming and heat release rate were not significantly high, as the compartment
was under well ventilated conditions. Despite this, as there was some external

flaming, the model was applicable.

The Phase 1 experiments have a correlation, when the HRR from the species

(oxygen consumption calorimetry) was used. This could be attributed to the
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oxygen calorimetry estimating a result closer to the actual values, and thus
appropriate to use in the model. As for the HRR from Gorska’s ventilation

method, the data appear be off.
5.4 Summary of findings

A novel system was designed to characterise the external fire plume. The
system demonstrated competence in producing repeatable experiments with
controlled burning, using a propane burner. The burner used with a prescribed
propane flow rate per experiment. This provides an isolation of the fuel bed
and any combustible linings (which were used and studied in the following

chapter).

The system provided a characterisation of the gas phase temperatures of the
external plume, as an addition to the previous experimental setup. Moreover,
the external flaming was recorded by video cameras; the cameras were
calibrated using a checkerboard of known square size, which provided more

precise measurements, in relation, again, to the previous setup.

The classic plume theory correlations can be utilised, up to a certain extent for
the current setup. As it was demonstrated, depending on the model used, a

better or worse prediction can be made.

e Yokoi’'s model slightly overestimates the external flaming height or
temperature, depending on the desired prediction target. This could be
an inherent issue of Yokoi’'s model, since this was developed only for
non-reacting external plumes; however, it appears that even for the
cases where there was no external flaming, the dataset still deviates
from Yokoi’s. Fuel source could potentially affect the results. Yokoi used
pool fires as a heat source; the present experimental programme used
a propane burner, which could have resulted in higher exit velocities
and therefore have affected the trajectory of the external plume.

e The Thomas and Law correlation was developed for compartment fires

that did not have a fagade above the opening. This is not applicable in
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the current experimental programmes; however, it affords a comparison
among the present work, with the work by previous researchers.

Lee et al. developed a model for flame heights correlated with the
external HRR, and is suitable to the present thesis work. Using the
extension of the model, a prediction can be made for the Phase 2
experiments; however, the short flames and the low external HRR
produced results that deviated from the Lee et al. model.
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Chapter 6 — Timber Linings

6.1 Introduction

In the previous chapter a system was designed to characterise external plumes
from compartment fires. The design offered robustness in repetitive
experimentations. The burner provided steady burning conditions throughout
the duration of each experiment. The instrumentation captured the behaviour
of external flaming and smoke in terms of trajectory, shape, temperatures,
incident heat flux to the surroundings, and rate of heat released. In addition to
all the above, the system provided the baseline for plume behaviour in the
absence of timber linings. This can lead to an evaluation of the underpinning
differences of combustibles only on the compartment floor, and combustibles

simultaneously on the floor and other surfaces of the compartment.

In this experimental programme, a propane flow rate of 1.70 g/s (GER=0.50)
was used. The purpose of using this GER was that minimal external flaming
was observed for this flow rate for the inert compartment. In order to investigate
the affect timber has on the external plume, the timber was exposed in two

locations: (1) back wall; and (2) ceiling.

These two conditions correspond to commonly used arrangements within the
construction industry — i.e. to expose a timber wall, or a timber ceiling. Initially
those surfaces were thought to be sufficient for a direct comparison with each
other as well as the propane supplies used in the previous phase. It was
hypothesized that there would be an observable difference between the plume

behavior depending on the location of the exposed timber.

To further elucidate any differences and the degree to which location of
exposed timber may affect the behaviour of the external plume, the
experimental programme included a series of arrangements where only a half
panel of timber was exposed, but the location of this was changed from

“ceiling-front” to “wall-base”. These configurations are shown in Figure 6.1.
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Figure 6.1. Half exposed timber surfaces in all the experimented configurations. Top
row shows the exposed ceiling timber; bottom row the exposed back wall timber.

6.2 Results

6.2.1 Initial observations

This experimental programme used the same setup as in Phase 2 (Chapter 5).
The propane flow rate used, in an inert compartment configuration, resulted in
combustion inside the box, almost exclusively, as evident by video footage and

calorimetry data.

Substituting the compartment ceiling or back wall insulation with a timber
surface resulted in immediate visual changes of the external plume. The ceiling

configuration resulted in a tall and slender flame; the wall configuration had a
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shorter and thicker flame. Both compartments exhibited severe under-

ventilated conditions.

The experiments that used half the length of exposed timber appeared to have
different behaviours from each other; all of them demonstrated external
flaming. As observed throughout the experimentation and the video footage,
the shape of the external plume as well as the burning conditions inside the
compartment deviated significantly. Starting with the front half of the ceiling,
the flaming of the timber was visibly separated by the flames of the fuel bed
(almost like a sample exposed to a radiant heat source from below). As the
timber slab moved further backwards and downwards, the separation of the
burning gases from the burner and the respective timber surface was

indiscernible.

6.2.2 Calorimetry

Table 6.1 presents the values for total and internal heat release rate for
experiments of Phase 3. As expected, the HRR for both the full ceiling and
back wall experiments had approximately the same values; the internal HRR
is also approximately equal in the two cases. The internal HRR for the top of
the back wall both halves of the ceiling was approximately equal; the bottom
half of the wall was lower, potentially indicating poorer mixing conditions inside
the box. Total HRR were approximately the same for experiments with
half-exposed surfaces (slightly lower for the front half of the ceiling, presenting

an issue with mixing time, probably leading to less volatiles burning).

Table 6.1. Heat release rate (internal and total) for different configurations.

Configurations Atimber/Atotal (-) HRRin (kW) HRRiot (kW)
Ceiling - full 0.21 138.7 168.6
Back wall - full 0.21 139.9 1715
Ceiling — front 0.11 106.8 120.2
Ceiling — back 0.11 106.3 127.3
Back wall —top 0.11 110.6 127.8
Back wall - bottom 0.11 96.7 128.8
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The mass loss rate of the experiments with half-length exposed timber is

shown in Table 6.2.

Table 6.2. Mass loss rate for the half-length experiments

Ceiling Back wall

Front Back Top Bottom

Mass loss rate (g/s) 3.5+0.4 3+0.1 3.8+0.8 351

Values appear to be similar when one accounts for the measurement’s
deviation (included in the table). The ceiling presented slightly lower values
compared to the back wall. This deviation comes in agreement to similar
observations in the literature from Gorska and Bateman et al.
([9], [106] respectively).

6.2.3 Heat fluxes

The heat fluxes on the facade are shown in Figure 6.2. There is a noticeably
higher heat flux on the bottom of the fagade for the case where the front half
of the ceiling was exposed. Despite the expectations for the heat fluxes would
drop as the exposed timber was moved further back in the compartment, the
case of the top half of the wall having exposed timber appears to have yielded

the second highest heat flux profile.
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Figure 6.2. Heat fluxes on the facade for different configurations:
(a) Inert GER 0.75; (b) Inert GER 1.00; (c) Timber back wall; (d) Timber ceiling;
(e) Half timber ceiling (front); (f) Half timber ceiling (back);
(g) Half timber back wall (top); (h) Half timber back wall (bottom).

Figure 6.3 illustrates the incident heat flux opposite the compartment opening
as a function of the time-averaged: (a) HRR; and (b) mass loss rate. Propane
and timber have different heats of combustion. This leads to different HRR for
the same mass loss rate. Due to the fact that the experiments included both
materials, the mass loss rate of propane was transformed into an equivalent

mass loss rate of wood, using the ratio of the two heats of combustion.

Heat flux measurements from the burning timber would be overestimated if the

HRR was the only factor used to predict the heat flux opposite. It is shown in
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Figure 6.3 (b) for the same HRR, propane leads to higher heat fluxes,

compared to timber.

Following this, Figure 6.3 demonstrates that timber, when exposed in the back
wall, always produces a higher heat flux compared to a ceiling configuration of
the same dimensions (as the back wall values are higher than the ceiling
ones). This could support the evidence that a back wall configuration produces
a more momentum-driven external flaming, thus producing higher heat fluxes
opposite an opening. Alternatively, the higher heat flux from the wall could be

due to direct radiation from the burning wall, as temperatures at the opening

were higher.
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Figure 6.3. Heat flux opposite the compartment opening over (a) the average
cumulative mass loss rate and (b) total HRR for different configurations.

6.2.4 External plume temperature profiles

The thermal profiles for the fully exposed linings were acquired by the Tiresias
external thermocouple tree; these are shown in Figure 6.4. The temperature
distribution of the external plume for the exposed ceiling configuration appears

to be more buoyancy driven compared to the exposed back wall.
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Yokoi recorded trajectories of ejected plumes for different opening shape
factors [76]; the closest n-number shape factor to the current opening shape
was ‘b’. This suggested trajectory was used in Figure 6.4 (a) — i.e. the ceiling
configuration — showing that, indeed, Yokoi’s observation on trajectories is
applicable for exposed timber ceilings. On the contrary, the back wall
configuration (Figure 6.4 (b)) cannot be represented accurately with the same
trajectory. The ‘C’ trajectory appears to be fitting better the thermal profile of
this configuration. Nevertheless, as it was shown in Chapter 5, the
compartment/burner system behaved similar to the ‘c’ trajectory. The ceiling
configuration behaved in the “expected” manner from a geometric perspective;
despite that fact, the back wall configuration was the one that followed the
system’s behaviour more closely, as the same trajectory was applicable for the

inert compartment fires.
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Figure 6.4. Temperature distribution in the external plume for exposed timber linings
at (a) ceiling; and (b) back wall. Green lines indicate the gas centreline trajectory.

The temperature of the external plume for the half-length timber linings were

also recorded, in order to complement the analysis and make a distinction of
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differences between the two exposed surfaces. The temperature profiles are
presented in Figure 6.6. The thermal profiles reflect what was captured in
video: (1) the exposed ceiling configurations had a taller and more slender
external flame; (2) the exposed wall configurations had manifested in slightly

shorter but thicker external flames.

Regarding the plume trajectories, the exposed wall configurations seem to be
adequately described by the ‘c’ trajectory (similar to the inert compartments
and the full-length back wall). However, the exposed ceiling configurations
appear to be better described by trajectories ‘d’ and ‘e’ (for the front and back
exposed halves respectively). Yokoi related these trajectories to shorter and
wider openings. During the experimentations, the half-exposed ceiling
surfaces presented burning that was visually detached (as shown in
Figure 6.5) from the burning of the fuel bed; this detachment, leading to a
shorter hot layer exiting the compartment, could be the driving reason behind

this shift of trajectory from the fully exposed lining.

Figure 6.5. Snapshot from an experiment of the exposed front half of the ceiling.
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Figure 6.6. Thermal profiles and gas trajectories of different configurations: (a) front-
half ceiling; (b) back-half ceiling; (c) top-half back wall; and (d) bottom-half back wall.
Green lines indicate the gas centreline trajectory.
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Figure 6.7. Average height and standoff distance of flames for all experimental
configurations.

Figure 6.7 shows the average standoff distance-height of external flames for
the experiments of this set. A clear favouring of the exposed front half of the
ceiling over the rest of the configurations is depicted. In further support to the
thermal profiles of the plume and the heat fluxes on the facade, the top half of
the back wall has the second highest flame height (and protrusion), compared
with the back half of the ceiling and the bottom half of the wall. An
approximately 90% higher flame was recorded for the exposed back half of the
ceiling compared to the bottom half of the wall; despite the markedly taller
flaming, the standoff distance was approximately the same for these two
surfaces, with a slightly higher value for the ceiling configuration.

6.2.5 Velocity profiles at the opening

Measurement of the velocities at the opening reveal some difference between
the locations of exposed timber. The results of the full-length timber

experiments are illustrated in Figure 6.8.
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Figure 6.8. Velocity profiles at steady state:
(a) Fully exposed back wall; (b) Fully exposed ceiling.

The exposed timber ceiling had a marginally smaller exit velocity compared to
the exposed back wall. Error bars show fluctuations of measurements;
nevertheless, instruments’ inherent deviations from true value could account
for the discrepancy. Further investigation was deemed necessary to underpin

which part of each surface was driving the phenomenon.

Figure 6.9 shows the profile of the average velocities for all experimental
configurations. For the front half of the ceiling, the neutral plane appears to be
higher compared to the back counterpart; additionally, the peak velocity at the
outflow is the lowest compared to the rest of the configurations. A more
momentum-driven plume was produced when the exposed timber was at the
back wall of the compartment. The peak velocity was almost identical for both
halves of the wall; marginally higher velocities were recorded for the case of
the top half.
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Figure 6.9. Velocity profiles at steady state: (a) Half ceiling — front; (b) Half ceiling —
back; (c) Half wall — top; (d) Half wall — bottom.

6.3 Summary of findings

This experimental programme revealed some of the specific features of
exposed timber in different locations in compartment fires. The burning rate is
not grossly affected by the configuration of timber; nevertheless, slightly higher
mass loss rates were recorded for the exposed back wall, which comes to

support past literature findings.
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Incident heat fluxes on the fagade were higher for exposed ceiling compared
to an exposed wall; the halves that appear to be the main contributors of this
behaviour are the ones closer to the exit point for either configuration (i.e. the
front of the ceiling and the top of the wall). Flame heights also supported these
findings.

Upon examination of the heat fluxes opposite, exposed walls — either half- or
full-length configuration — consistently recorded higher values, in comparison
to the exposed ceiling; differences between the two locations were more
pronounced for the smaller areas. This could be attributed due to the burning
wall radiating directly towards the HFG, or due to the overall higher
compartment temperatures recorded for exposed back wall experiments. Exit
velocity values were higher for the back wall. That was a general trend,
especially for the half-length exposed timber; as the piece was moving further
back, the velocity was increased; this peaked for the top-half of the wall, as the

bottom bit had a slightly lower peak velocity.

Finally, the trajectories appeared to have been affected by the location of

exposed timber.

e For the full-length configurations, the trajectory of the back wall
remained similar to that of the inert compartment. The ceiling’s
trajectory on the other hand was more projected, as it appears to fit
better to Yokoi’'s ‘b’ trajectory instead of ‘c’, which has been the default
for the inert compartments.

e For the half-length configurations, again, the exposed wall
configurations behaved similarly to the inert compartments, as ‘c’
trajectory adequately describes the hot gas trajectory exiting the
compartment. The exposed timber ceiling configuration presented
trajectories more like Yokoi’s ‘d’ and ‘e’, which suggest that there was

less pressure pushing the hot gases out of the compartment.

All the above are analysed in full in the following chapter.
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Chapter 7 — Analysis

7.1 Introduction

Chapters 4 to 6 displayed different experimental programmes carried out to

investigate timber-lined compartments.

Specifically, the first objective was to establish whether timber linings changed
the external fire spread hazard of a compartment fire (demonstrated in full in
Chapter 4). A series of compartment fires with wood cribs were conducted
using different configurations of exposed timber. It was shown that timber
linings changed the fire dynamics; more fuel was produced at a higher mass
loss rate; this fuel was consumed partly inside the compartment and partly in
the external plume. The fuel reacted externally and resulted in a plume with
higher irradiance towards its surroundings compared to an inert compartment.
This established an increase of the external fire spread hazard compared to a

compartment with inert linings.

Once the difference of hazard due to the presence of timber was
demonstrated, a method of tracking the changes and a system capable of
characterising these changes was developed (Chapter 5). For this purpose, a
compartment was built out of non-combustible insulation boards. A propane
burner was created to introduce fuel in the compartment space. Modifications
and additions were made to the instrumentation used in the first experimental
programme; these changes made the external plume characterisation possible
(temperature distribution, external flame dimensions, gas trajectory). Data
complied with some parts of the classic plume theory, with an internally
consistent behaviour. For other parts of the classic theory, there was significant
deviation, and practically these could be disregarded; however, it will be shown
in the following text that this afforded a relative comparison for the produced

datasets.

Finally, combustible linings were used in this novel system and an external
plume characterisation was performed (Chapter 6). Data demonstrated the

difference in plume behaviour, which occurred due to timber linings having
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been exposed at various locations within the compartment space. Full- and
half-length pieces of timber were used, in an attempt to underpin critical
locations in the compartment that drive the phenomena. The data acquired
were considered useful to aid a comparison between inert and timber-lined
compartments, showcasing differences in behaviour that can alter the external

fire spread scenarios.

The observations and measurements made in the previous chapters produced
a variety of data to proceed with further analysis in the present chapter. Due
to the fact that velocities at the opening varied, based on the experimental
configuration, the relationship of buoyancy to momentum was examined first,
in an attempt to understand differences that might have occurred with the

exposure of timber in the compartment.
7.2 Momentum vs. Buoyancy

A momentum calculation can be made by averaging the outflow velocities. This
was done using the following equation:

M = Tflout‘l? (27)

where m,,,; is the mass outflow rate of gases from the opening (kg/s); and v is
the average outflow velocity of gases (m/s). Moreover, based on the
temperature data from the opening, the buoyancy at the opening can also be

estimated by the following equation:

. ATy,
] = moutT_g (28)
where AT, is the temperature difference of the hot gases compared to the

ambient temperature (K); T, is the ambient gas temperature (K); g is the
gravitational acceleration (m/s?). Based on these the following figure was

created.
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Figure 7.1. Buoyancy flux and momentum flux correlation for inert and timber-lined
compartments.

Figure 7.1 shows that the exposed timber produces higher buoyancy and
momentum at the outflow. This is responsible for trajectory changes, as
demonstrated previously (see Figure 6.4 and Figure 6.6). It is observed that
the halves at the back of the ceiling and the bottom of the wall were virtually
the same. Whereas momentum was approximately equal for the top of the wall
and the front of the ceiling (since exit mass and velocity was similar), the former
had a higher buoyancy, which was affected by the temperatures at the

opening.

Radiant heat flux on the facade and opposite is a combination of plume
temperatures and the configuration factor, which is affected by the shape and
distance of the plume from the targeted area/point. For this reason, a lower
momentum plume can grossly influence the heat fluxes on the fagade; at the
same time, highly buoyant plumes lead to longer external flames, which affect

both the fagade and the building surroundings

Tabulating the ratio of buoyancy to momentum, an interesting observation

arises. The results are shown in Table 7.1.
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Table 7.1. Ratio of buoyancy to momentum for all experimental configurations of
Phases 2 and 3.

GER (Inert) Ceiling (timber) Back wall (timber)

0.25 0.50 0.75 1.00 Full Front Back Full Top Bottom

69 79 86 86 8.3 8.5 92 80 94 9.7

JIM (9)

The values range from 6.9 to 9.7; especially once there is flaming in the
external plume, the range becomes narrower (8.0 - 9.7). This might suggest
that as more fuel exits the compartment (and thus developing a higher

momentum), temperatures also rise (leading to a higher buoyancy).
7.3 Analysis

7.3.1 Classic plume theory correlations

The previous chapter demonstrated how the present compartment and
instrumentation setup performs compared to previous work [76], [79], [82]. It
also demonstrated that the experimental setup was capable of capturing the
plume measurements necessary to assess this compartment against the
classic plume theory correlations. The same calculations were carried out for
the experiments of this phase of the experimental programme that included the

combustible linings.
7.3.1.1 Yokoi

Figure 7.2 illustrates the baseline data acquired from the inert compartment
fires in the previous chapter (in grey). The baseline data include two propane
flow rates that strictly result in combustion inside the compartment; the other
two flow rates have combustion both inside and outside the box. Figure 7.2

also presents the data when timber linings were exposed in the compartment.
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It is observed that, for the lowest height measurements, both the inert and
timber-lined compartments performed similarly to each other. However, as the
plume rises, the compartments with exposed linings persistently showed
slightly higher non-dimensional temperatures. This validates the argument that
timber changes the external fire spread hazard, as it shows that plume
temperatures are affected in a non-dimensional level. Notably, after a certain
height, both for inert and timber-lined compartments values of the
non-dimensional temperature © converged in different values respectively. In
the case of the inert compartment that was regardless of the fuel supply; in the
timber compartments that was regardless of fuel location (as fuel supply was

the same).
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7.3.1.2 Law

Using Margaret Law's correlations from her work [80], the mean burning rates
and the respective flame heights of all Phase 2 and 3 compartment fires are
plotted in Figure 7.3.
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Figure 7.3. Law correlations for experiments of Phase 2 and 3.

The presence of timber on the ceiling (both fully and half exposed length) led
to taller flaming regions in the external plume. A higher burning rate and higher
temperature gases resulted in higher normalised mass loss rate values for the
exposed timber wall.

Remarkably, the normalised mass loss rate for the ceiling and wall halves had
almost the same values for the configurations that were closer to the opening
(i.e. the front half of the ceiling and the top half of the wall, respectively). As
external flames were higher for the ceiling scenarios, it demonstrates that the
ceiling presents the most ominous exposed configuration for external fire

spread, when compared to the wall of the same dimensions.
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7.3.1.3 Lee et al.

Lee et al. [82] proposed a correlation of the external flame height to the
external HRR. Potentially, this model could be used to predict flame heights
for timber lined compartments. The full dataset of the present thesis was used

with the proposed model and plotted in Figure 7.4.
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Figure 7.4. Flame height to external HRR model by Lee et al.; all datasets are
plotted and compared to the extension of the current model.

There seems to be a trend in the data generated by this model; nevertheless,
there is deviation of the model where data from timber compartments were
used (for the present experimental campaigns and Gorksa’s dataset). This
indicates that compartments with exposed linings present a challenge for the
model to accurately capture their behaviour. Alongside this, compartments that
did not have severely under-ventilated conditions (i.e. all the half-exposed
linings and the inert compartment experiments) were not represented

adequately by the model’s extension for low values.

Lee et al. also informed Yokoi's model with the modern understanding on
plume theory. The updates included the consideration of the gas density used

in the calculations. Modern plume theory dictates the use of the ambient gas
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density, instead of the hot gas density. Furthermore, Lee et al. developed two

different length scales:

e [, represents the width (parallel to the opening width) of the base of a
virtual, equivalent plume burning outside the compartment.

e [, represents the required length for the buoyancy to dominate over the
momentum, leading the plume to a vertical spread instead of horizontal.
This length scale is the length (perpendicular to the compartment
opening) of the base of the virtual plume burning outside the

compartment.

T ol | = Fulceiling
—&—Full back wall
i —=—Half ceiling - front
~ 1 ||~ Half ceiling - back
—&—Half wall - top
——Half wall - bottom
—=—GER 0.25
—&—GER 0.50
—&—GER 0.75
—+—GER 1.00

O Lee et al. dataset

057

025 05 1 2 4
AT

5 ()

Q5 T/ (2 Civ/ 9)] s

Figure 7.5. Non-dimensional temperatures compared to the normalised axis length
of the plume’s centerline for the current dataset and Lee et al..

They reported better data correlation [84] using these length scales (I; in
particular), compared to the r, scale proposed by Yokoi. Figure 7.5 shows the
present datasets plotted in the proposed equation formation by Lee et al., and
in comparison with their dataset; this affords a relative comparison of the two

experimental programmes.

The timber configurations present slightly higher non-dimensional

temperatures for the lower heights in comparison to the inert configurations.

158



Chapter 7 — Analysis

Furthermore, both the current dataset and that of Lee et al. collapse into one
trendline; this demonstrates that both the contemporary understanding of
entrainment and the proposed length scale by Lee et al. can capture the

phenomena for the current datasets more adequately.

There are no pronounced deviations among the inert and timber-lined
experiments of the present dataset, and the dataset of Lee et al.. The
agreement shows that the current models satisfactorily capture the behaviour

of both inert and lined compartments.

7.3.2 The Lee et al. heat flux model and Gorska’s modifications

Lee et al. developed a heat flux model for the facade [82], based on the
external heat release rate, the average flame height, and the characteristic
length scale [;. This model was developed for inert compartments, using a
methane and/or propane burner. The main assumptions used in this model
were that (1) the compartment is ventilation-controlled; and (2) the fuel, and as

a result the fire, is located on the compartment floor.

Gorska performed an experimental campaign, using a pool fire as the fuel/heat
source. The key difference was that she included combustible timber linings;
that changes one of the fundamental assumptions of the model by Lee et al.,
that the fuel is only located at the floor. Gorska’s dataset deviated from that of
Lee et al.; she observed a pattern regarding timber compartments’ continuous
and intermittent external flaming, and the smoke plume regions. The lined
compartments consistently exhibited higher heat fluxes in the continuous
region; the discrepancy was less in the intermittent region; finally, in the plume
region the inert compartments exhibited higher normalised heat fluxes
compared to the timber-lined counterparts.

In an attempt to show where the current thesis’ experimental results fit within
the aforementioned experimental programmes ([9], [82]), all datasets
produced, for which external flame heights and heat fluxes were reported, are
plotted in Figure 7.6.
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Figure 7.6. Proposed heat flux model for fagades by Lee et al. for 'x’ and 'y’ terms.

In Figure 7.6, the Lee et al. model [82] correlates two terms:

e The X’ term is the normalised height Zif where Z is the net height above

the top of the opening (m); and Z; is the mean recorded flame height

(m).
t(?fT’ where ¢", is the normalised heat flux at height

Z above the opening (kW/m?); H is the height of the opening (m); [, is

e The'y' termis

the proposed length scale by Lee et al. [82] (m); Qex is the external HRR
(kW).

To some surprise, the results of the inert compartment’s experimentations did
not completely fit over the dataset by Lee et al.; in fact, the GER 0.75 was an
outlier from the trendline of this dataset and the ones used for a comparison.
At the same time, compartments with exposed timber did not match at all

Gorska’s data — in fact, there was a match of the data from Phases 2 and 3 (in
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some cases) with Lee’s inert compartment experiments. The Phase 1

experiments were consistently lower than Lee’s data.

The experiments of this phase (Phase 3) violated Lee’s model assumption in

one of two ways:

e For the full-length lined compartments, only the assumption about the
fuel location was no longer valid, as the compartments were
under-ventilated;

e For the half-length lined compartments, both assumptions collapse.
This is due to the fact that (a) multiple surfaces were burning and (b)
the compartment's oxygen concentration at the door was, on average,
5%.

If one was to use the full dataset to create a heat flux model, this could be done

with a single line prediction, as presented in Figure 7.7.

1
. (o)
8.. .. ° O
@ y = 0.0767x0924
0.1 K;_ 0.84
- %%@
. o O@o
. oo "
(¢J6)
o Data
------- Power (Data)
0.001
0.1 1 10

x(-)
Figure 7.7. Different fit model based on all the data of this thesis
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Upon closer examination of the dataset, a pattern arose. The data could be
divided in two distinct categories: (1) the wood crib experiments; and (2) the
propane burner experiments. Once the two datasets are split, a two-line trend

becomes more apparent. This is shown in Figure 7.8.

The data used in the case of the burner study were the full-length timber
experiments, and the half-length of the ceiling front and the top of the back
wall; these were more in-line with the full-length respective surfaces. Apart for
the continuous front of the burner, where the data were more scattered in
relation to the regression model, the rest of the models had a very strong

correlation to their respective datasets (R?=0.95).

Notably, the individual regression model for the crib experiments is half of the
propane burner experiment. The deviation could be an indication of the
different fuel source. The burner ejected propane into the compartment space

through small holes at the full length of the burner’'s pipes. This could have
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affected the velocities in the compartment, since the average velocity of the
burner was approximately 30 mm/s; a mean mass loss rate of the crib
experiments was 0.4 mm/s (two orders of magnitude lower). Higher ejected
velocity of the gases from the compartment could lead to less fuel burning in
the compartment; more fuel exiting would lead to taller flames externally, and

as a result, higher non-dimensional heat fluxes.

An average two-line regression model of the two datasets was produced and
the correlation to all the data (with exception of the GER 0.75 ones) is
illustrated in Figure 7.9. This two-line model is based on the following

equations:

4
y =0.09x 5, for x < 1 (continuous flame front) (29)

5
y = 0.09x 4, for x > 1 (intermittent flame front)

0.5
Z0.05
>
o Data o
— = Kanellopoulos model Re
0.005 Mo
0.1 1 10

x(-)

Figure 7.9. Two-line model for the full dataset of the thesis (black lines indicate the
o 0e
standard deviation of the model) (x = =; y = £2/¢_*

Zf Qex/li

163



External fire spread from timber lined compartments

The correlation of the two-line model to the complete dataset is strong

(R?~0.85). Using this model, data prediction was attempted, in order to

demonstrate the model’s performance. The model of Gorska was also used as

a comparison of prediction.

To begin with, certain variables should be estimated in order to work on the

final model. These are as listed below.

The external heat release rate: there are two ways to pursue this. The
first is to measure it directly at the opening, which is possible in a lab
scenario, but not practical from a real life perspective. The second way
would be to try and estimate it. This presents an issue with whether the
compartment is ventilation controlled or not; this is a challenge for all

the half-length experiments.

It is mentioned in Gorska’s work that the external HRR is the most
critical variable of the heat flux model equation. This might present a
specific challenge for the aforementioned reasons. Gorska’s suggested

model is:
Quox = Qror — 3000 - 0.4 - A,VH (30)

where Q,,; is the total convective HRR (kW); and Q,, is the external
HRR (KW).
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Figure 7.10. Correlation of the calculated external heat release rate per unit floor
area to the ration of exposed timber to the total internal area (excluding floor and
opening area) in the current experimental setup.

Alternatively, a relationship based on the total exposed timber surfaces
in the enclosure could be used, using the experimental products of this
thesis. The correlation is depicted in Figure 7.10.

A linear correlation of the Q,, (multiplying the equation with the floor
area in these experiments, i.e. 0.49 m?) and the percentage of exposed

timber in this experimental programme is:

. A
Qor = 11541

+9.7 (31)

total

e The average flame height: that can be determined from a relationship
with the measured external HRR. Plotting measured flame heights to

the measured external HRR has a correlation as shown in Figure 7.11.
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Figure 7.11. Time-averaged flame height to external HRR for the experimental
configurations in all different experimental programmes. The Gorska model is
plotted as a comparison to the resulting correlation (red dashed line).

The resulting relationship of flame height to external HRR is:
zp = 0.0065 - Q. + 0.0575 (32)

There is a visible deviation of the above flame height prediction equation
to the one Gorska proposed, based on her dataset. Nevertheless, both
shall be used to demonstrate their fitness (or lack thereof) for the
purpose of a working prediction model.

e The heat flux model, based on equation (29) is:

VA .
. O'Og(Z)erx
qine =————5— (33)
0.(z;)
l1Zf€ 1
The value of m is dependent of the z/z ratio:

o forvalues below 1, m = —4/5 ;

e forvalues above 1, m=-5/4.
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Figure 7.12. Heat flux model comparison for all Phase 1 (wood cribs) configurations:

(a) No timber; (b) Timber back wall; (c) Timber ceiling; (d) Timber wall and ceiling.
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Figure 7.13. Heat flux model comparison for Phase 2 (propane burner)
configurations that had external flaming: (a) GER 0.75; (b) GER 1.00.
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The resulting values of applying the newly formed model are plotted against
the measured values in Figures 7.12 — 7.15. Gorska’s model was used as a
comparison, following the method as reported in her dissertation [9, pp. 171—

172]. The external HRR was input into her model based on the equation (31).

7.3.2.1 Wood crib experiments

The inert compartment case was not represented appropriately by the heat flux
model. However, models, like the one suggested by Lee et al., could be
applicable, as that model was designed based on inert compartment fires. The
rest of the exposed timber experiments are fitted well by the new model
(accounting for the standard deviation).

7.3.2.2 Propane burner experiments

Similarly to the wood cribs experiments, the inert boundary experiments with
the propane burner also failed to be captured by the heat flux model. The data
from the GER 0.75 experiment were almost within the bounds of the model,

the ones from the GER 1.00 are not represented appropriately by either model.

The model provides more predictions for the case of full-length exposed timber
surfaces. It satisfactorily captures the trend of the exposed back wall and the
error bars envelope the recorded heat fluxes, thus providing a conservative
estimation. On the other hand, the model fails to capture the incident heat
fluxes from the exposed ceiling. It becomes clear that there is an
underestimation of the hazard from the exposed ceiling, as the model only
considers the relation of HRR to the ratio of Atimber/Atwtal, NOt accounting for

orientation.

Finally, the model centerline appears to be close to the actual heat flux
measurements made for the half-length exposed timber. If one was to take the
error bars into consideration, the model provides a prediction that errs to the
side of caution, by overestimating, in some configurations, the incident heat

flux.

Overall, comparing to the pre-existing models by Lee et al. and Gorska, the

currently developed model shows a good prediction with regards to the
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exposed timber surfaces (especially for the half-length parts, which fall in the
range of the well-ventilated compartments). Gorska’s model has merits and is
applicable for the smoke region of the plume, as the predictions were closely
matched to the actual measurements. However, the model struggled to fit over
the measured data at the lower levels close to the flaming region as, with a

few exceptions, it over-predicts the timber’s contribution.
7.4 Summary of findings

The analysis presented herein aimed to: (1) assess whether classic plume
theory adequately represents the external plume behaviour from timber-lined
compartments; (2) reveal the drivers behind external plume behaviour; and (3)
provide models to predict plume temperatures and incident heat fluxes on the

facade from exposed timber compartments.

7.4.1 Classic plume theory

Yokoi’'s method is valid for estimating flame temperatures; however, the
measurements deviate, when different experimental setups are used. Lee et
al. suggested updates to incorporate the current perception of plume theory
and introduced a new length scale. The data satisfactorily collapse in a more
compact trend, suggesting that dependencies on experimental setup can be

removed with the suggested modification by Lee et al..

Law’s correlation is only fit for compartments with no obstructions above the
opening (i.e. facade). Despite this fact, it became a tool for comparison for
different timber lined configurations. The compartments that had the same
normalised mass loss rate would present different flame heights, depending
on the timber configuration inside. Ceilings always had higher values when

compared with a wall configuration with the same normalised burning rate.

7.4.2 Modern approaches to external plumes

Lee et al. also proposed a model to predict the mean flame height based on a

normalised external HRR. This model fails to account for the location of timber.
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Aside from the flame temperature distribution and average flame heights
based on the HRR, Lee et al. also presented a heat flux model for the facade.
Gorska showed that adjustments need to be made, if one intends to use this
for timber construction. In the present work, a dependency was revealed; this
was either based on the scale of the experiment or the experimental setup and
fuel source used. The fuel source dependency could be more strongly
suggested, as the datasets produced in this thesis could be split in two distinct
categories: (1) the wood crib experiments; and (2) the propane burner
experiments. Based on these, a two-line exponential model was developed,

as an average of the two distinct datasets (cribs and burner).

This newly developed model (Section 7.3.2) was used to predict the heat fluxes
on the facade. For the wood crib experiments, the model was challenged as
the predictions were underestimating the inert and the exposed ceiling
configurations. A better prediction was made for the back wall; the two exposed
surfaces had a strong fit with the model centreline. For the propane burner
experiments, again, the inert compartments were challenging. Where timber
was exposed, the model was able to predict the trend and values were close
to the experimental data. The exposed ceiling presented more of a challenge
to the model, as flames were taller and closer to the fagade; this is not
something that can be predicted only by a ratio of exposed timber in the
compartment, as the dimensions were identical for the back wall.
Nevertheless, the model gave a good prediction for the back wall. The model
also expanded the previous predictive capabilities of both Lee et al. and
Gorska, as it included timber lined compartments with well-ventilated
conditions. These were covered by the model centreline; any over-estimation

simply gives a more conservative estimation of the actual values.
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Chapter 8 - Conclusions and future work

The dissertation covered a range of different experimental approaches, in
order to understand if and how external fire spread is affected by the presence

of timber linings.
8.1 Conclusions

To begin with, the literature review showed the knowledge gap between
timber-lined compartment fires and external fire spread. So far, these two
topics have been studied separately. Research in compartment fires with
timber linings has been more focused on extinction, with exception of the latest
work by Gorska [9]. External fire spread has been studied extensively for
compartments with non-combustible linings. The two research topics needed
to be coupled; this work aimed to fill in some of the knowledge gaps in this joint

research area.

As it was established throughout three experimental programmes, timber
changes the hazard of a compartment fire with respect to external spread. The
first experimental campaign definitively showed that excess fuel is produced,
when timber is exposed in the compartment interior. Excess fuel, unless the
compartment is well-ventilated, it will exit through openings and burn outside;
this produces higher heat fluxes, as more energy is released in the form of

heat and light.

8.1.1 Mass loss rate

The mass loss rate is affected by exposing timber linings in the enclosure. The
mass loss rate of exposed timber was estimated; depending on the type of fuel
used and the nature of the linings, values on the back walls differed from the
exposed ceiling ones. The propane burner experiments with low density
insulation led to higher mass loss rate for the exposed back wall; this supports
the literature perception for medium-scale experiments. On the other hand, the

exposed ceiling had higher mass loss rate when high density inert linings
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where used with wood cribs; this aligned with the large-scale experimentation

from Gorska and co-workers [9].
8.1.2 Heat fluxes

External flames had more volume for timber-lined compartments, as higher
mass loss rates and under-ventilated conditions led to more fuel burning
outside. The configuration of the exposed timber affected the shape of the
external plume; taller and thinner flames were produced from exposed ceilings

whereas shorter and thicker ones were observed for exposed back walls.

Heat fluxes on the facade are generally higher for exposed timber
compartments; approximately 60% for two exposed surfaces; 20-30% higher
for one exposed surface. For one exposed surface, heat fluxes were higher for
a fully exposed timber ceiling. Where half surfaces were used, the front of the
ceiling created higher heat fluxes; the top half of the wall was responsible for
the second higher heat fluxes, potentially indicating a mixing-time issue, since

both bits are closest to the exit point.

In the case of heat fluxes opposite, the distance from the opening is of
paramount importance; very close-range measurements tend to be dominated
by the opening’s irradiance; further field measurements reveal that heat fluxes
rise proportionally as more timber gets exposed. Heat fluxes were consistently
higher for the back wall configurations (whether fully or partly exposed). Higher
velocities were recorded for these configurations; this helps to explain the
phenomenon, as the heating surface would be closer to the measuring point

opposite.

There are no notable correlations of the mass loss rate to the heat fluxes on

the facade, indicating a weaker correlation as noted in Drysdale’s book [75].

The Lee et al. proposed model to correlate flame heights with external HRR
failed to describe the inert compartment datasets. The extrapolation of the
model’s line could be proven beneficial for timber compartments, however

requiring further investigation.
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8.1.3 Global equivalence ratio

The global equivalence ratio (GER) can only serve as an indicator of external
flaming. It is strongly dependent on the accuracy of mass loss rate used and
entrainment into the compartment; for this, it cannot be used as a prediction
tool, but more like an indicative metric. GER was increased 12-38% for
exposed timber compartments, depending on the inflow calculation technique
used and the number of exposed timber surfaces.

The burning factor was devised by Bartlett and Law. Similar to their findings,
the burning factor does not produce a meaningful correlation with GER at the
steady state phase; however, it was established that it does correlate well with

GER at the decay phase.

8.1.4 Buoyancy, momentum, and gas trajectories

Timber presence on the ceiling affects the hot gas trajectory. All the exposed
back wall configurations just followed the trajectory of the baseline, potentially

indicating a shift of the trajectories only with exposed timber on the ceiling.

Compared to a baseline with the inert compartments, fully exposed timber
drove flames further away from the opening. Conversely, part-exposed timber
on the ceiling had lower velocities and generally was just driven up by

buoyancy, resulting in plumes that were closer to the opening plane.

Analysis of the buoyancy and momentum forces showed an upward trend,
when timber is exposed in the compartment space. However, the ratio of the
two forces is similar regardless of position. This could suggest that the external

combustion is influenced by the mixing time of fuel and air.

8.1.5 Yokoi, Lee et al., and Gorska's models

Yokoi’'s model was proven adequate in the general sense; however, it lacks
refinement since experiments undertaken by different researchers (present
work included) do not fall under the same model line as his dataset. The
Thomas and Law correlation is only helpful as an internal assessment tool,

due to the fact that their formula is applicable only for compartments without a
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facade above the opening. On plume behaviour, the complete dataset showed
that Yokoi’s model, with some alteration suggested by Lee et al., can be a valid
tool to calculate external temperature distribution. The current dataset
coincided with the one from Lee et al. when the modified Yokoi/Lee et al. model

was employed.

Lee also developed a heat flux model correlated to external HRR; Gorska
modified this to fit her timber dataset. Due to the fact that this model fails to

capture the behaviour of the present dataset, alterations were made.
8.1.6 Novel model

The novel model fails to predict the inert compartment heat flux distribution on
the facade, as data used to develop the correlations are in majority from
timber-lined compartments. However, good predictions (accounting for the
error bars) are made for the exposed timber compartments in almost all cases.
This model appears to be sensitive on the input parameters (HRR, flame
heights); due to this, a larger dataset is needed to remove the variations of that

can (and did) occur with just two datasets.
8.2 Future work

Work in the future can solve ambiguities and uncertainties that arose in this

thesis. The author suggests some potentially interesting ways forward:

e The trajectories appeared to be affected by the presence of timber on
the ceiling that could not be explained by momentum and buoyancy
alone. Further investigation could reveal whether that was a specific
setup dependency, or an effect of the timber in the specific
configuration.

e There is an ambiguity when different datasets are examined on which
surface (if any of them) presents a higher burning rate. Experimental
scale was suggested by data to come into effect with this issue,
effectively promoting further questions.

e Experimental setup dependencies appear to exist for the heat flux

model by Lee et al. These can be removed by understanding the extent
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to which the fuel source, the compartment boundaries, and the
combustible linings are responsible for changes in the model.

Lack of large-scale experimentation leads to questions of whether these
medium scale compartment fires are adequately representing reality.
More real scale programmes should be carried out, to clarify the validity
or not of the smaller scale experiments.

This dataset produced during this experimental programme comes to
complement missing information of datasets by other researchers.
These datasets can be used to develop and/or validate modelling tools,
and thus furthering the communities understanding of the phenomenon.
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