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Preface

This report summarizes the research work conducted in the Characterization of Fires in Multi-Suite
Residential Dwellings (CFMRD) project.

The CFMRD project was a collaborative undertaking with industry, provincial governments and city
authorities that was initiated by NRC-IRC in 2006 to study fires in low-rise multi-suite residential
dwellings of light-frame construction. The project was undertaken due to the need to:

a) Address the lack of realistic design fires, which are required to aid the development of
methods for achieving performance-based solutions to fire problems, and;

b) Further the understanding of how fires in residential buildings sometimes cause fatalities
and substantial property losses, as revealed by fire statistics.

The CFMRD project focused on fires in dwellings, such as apartments, semi-detached houses,
duplex houses, townhouses or row houses, secondary suites and residential care facilities as these
fires have a potentially greater impact on adjacent suites. To this end, the fully-developed phase of
a fire was of particular interest since there is a greater potential for the building assemblies
enclosing the room of fire origin to be damaged by high temperatures during this period.

The main objectives of the project were:

1. To conduct fire experiments to characterize fires originating in various living spaces

within multi-suite dwellings.

2. To conduct numerical simulations of various fire scenarios in order to interpolate and

extend the data beyond that obtained in the experimental studies.
3. To produce a set of realistic design fires for multi-suite dwellings from the test data.

4. To develop an analytical method that can be used to calculate design fires for multi-
suite dwellings.

The research approach employed in the project utilized literature reviews, surveys to determine
typical configurations and combustibles, computer simulations and fire experiments. In Phase 1 of the
project, fire experiments were conducted in a room calorimeter to determine the combustion
characteristics of individual typical household furnishings found in living spaces that have a high
incidence of fires. In Phase 2, fire experiments were conducted in fully-furnished rooms simulating

residential bedrooms, a living room, a main floor, a secondary suite and a residential care bedroom.
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Numerical modelling of fire development, using suitable fire models, was conducted in Phase 1 to

assist in the design and instrumentation of the full-scale fire experiments as well as to study the effect

of various parameters, such as the ventilation conditions and geometry on the development of the

fire.

NRC gratefully acknowledges the financial and technical support of the Project Consortium, which

consisted of representatives from the following participating organizations:

Canadian Automatic Sprinkler Association

Canadian Concrete Masonry Producers Association
Canadian Furniture Manufacturers Associations

The Canadian Wood Council

City of Calgary - Development and Building Approvals
City of Calgary - Fire Department

FPInnovations

Gypsum Association

Masonry Worx

Ontario Ministry of Municipal Affairs and Housing
Ontario Ministry of Community Safety and Correctional Services (Office of the Fire Marshal)
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Abstract

This report summarizes the research work that was conducted in the Characterization of Fires in
Multi-Suite Residential Dwellings (CFMRD) project. The CFMRD project was a collaborative
undertaking with industry, provincial governments and city authorities that was initiated by NRC
Construction in 2006 to study fires in low-rise multi-suite residential dwellings of light-frame
construction. The project focused on fires that can occur in apartments, semi-detached houses,
duplexes, row houses, secondary suites, and residential care facilities, since these types of fires
have a potentially greater impact on adjacent suites.

The research approach employed in the project utilized literature reviews, surveys (to determine
typical configurations and combustibles), computer simulations and fire experiments. Bench-scale
cone calorimeter tests and full-scale fire tests were conducted to determine the combustion
characteristics of typical household furnishings found in living spaces that have a high incidence of
fires. The furnishings were individually tested in a room calorimeter (Phase 1) and collectively
tested in realistically furnished and well-instrumented simulated residential rooms (Phase 2).
Numerical modelling of fire development, using the NIST Fire Dynamics Simulator (FDS), was
conducted at various stages to assist in the design and instrumentation of the full-scale fire tests as
well as to study the effect of various parameters, such as the ventilation conditions, geometry, and
fire load (density and composition) on the development of the fires. Finally, analytical work was
carried out to:

a) Evaluate the use of existing methods for calculating quantities such as time to flashover,

ventilation-controlled heat release rate (HRR), post-flashover fire temperatures and duration
of the fully-developed phase (onset of decay).

b) Develop and propose methods for calculating fire properties where existing methods were
inadequate.

In the survey, typical furnishings that constituted a significant portion of the movable fire load were
identified and values of fire load densities were calculated for rooms such as: kitchens, dining
rooms, living rooms and bedrooms. The average fire load densities in various rooms were
estimated to be: kitchens - 807 MJ/m?; dining rooms - 393 MJ/m?; living rooms - 412 MJ/m?;
basement living rooms - 288 MJ/m?; primary bedrooms - 534 MJ/m?; and, secondary bedrooms -
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594 MJ/m?. Although kitchens had the highest fire load density the actual fire load (heat content)
was found to be lower than that for bedrooms, which had higher values due to their larger floor area
and high calorific value due to the presence of furnishings, such as mattresses and carpeting.

In Phase 1 of the project, 36 experiments were conducted to determine the burning characteristics
of typical residential furnishings, particularly those that are frequently first-ignited items, such as
upholstered seating furniture and beds. The experimental facility included a 16 m? test room with a
window opening, which represented an average-sized living room or bedroom in a multi-family
dwelling. The furnishings tested included: mattresses, bedclothes, bed assemblies, upholstered
seating furniture, clothing arrangements, books, plastic audio and video media and storage cases,
toys, shoes and a computer workstation configuration. Numerous instruments were placed
throughout the test facility to measure the HRR, heat flux, temperature, and fire effluent (smoke
density and concentration of gaseous combustion products such as carbon dioxide and carbon

monoxide).

The experiments in Phase 1 showed that variations in the configuration of a bed assembly (e.g.
bunk bed vs. mates’ bed vs. a standard posture box configuration) and the amount of polyurethane
foam (PUF) affected the rate of fire growth and intensity of the resulting fires, as well as the time to
reach flashover conditions in the test room. Twin-size mattresses produced peak HRRs of
approximately 3,800 kW and the maximum room temperature was approximately 980°C. The HRRs
of bed assemblies of various sizes and configurations ranged from 1,800 kW for a twin bed, to
6,250 kW for a bunk bed. The maximum temperature and heat flux recorded in the experiments
were 1,071° C and 221 kW/m?, respectively. Upholstered chairs and sofas had HRRs ranging from
630 kW for an ottoman, to 3,360 kW for a two-seat sofa. Temperatures were proportional to the
peak HRR (and exposure time) given that the room dimensions and wall lining materials remained

constant.

In Phase 2, the findings from Phase 1 were used to design and conduct 14 highly structured full-
scale tests in a one-storey test facility that was designed to represent a single storey of a multi-
family dwelling, such as a main floor or second storey, having a floor area of approximately 48 m?.
This permitted a flexible array of test configurations simulating fully furnished bedrooms, living
rooms, main floor, a secondary suite and a residential care bedroom. The main floor is considered
to be the floor with the main entrance to the dwelling that is at or nearest to the ground level. The

main floor usually contains the kitchen and living room areas.
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Flashover typically occurred in less than five minutes. It occurred in as little as 140 seconds in fires
started with a strong flame in highly combustible furnishings, such as sofas and beds. The mean
maximum hot layer temperature for all of the tests was 1,110° C (with a standard deviation of

54° C) taken over an average post-flashover period of 1,020 s (and standard deviation of 252 s).
Instantaneous peak temperatures in the range of 1,050° C to 1200° C were recorded shortly after

flashover had occurred.

It was found that there were considerable differences in HRR profiles, and peak values varied
widely for the resulting post-flashover fires since the HRR is a strong function of ventilation, among
other variables such as fuel load composition. For instance, peak HRR values varied from

2,793 kKW 10 9,230 kW (mean of 5,847 kW and standard deviation of 2,122 kW), whereas the mean

maximum temperatures only varied from about 1,036° C to 1,203° C.

One of the main conclusions was that, in rooms lined primarily with gypsum board, regardless of
other variables (such as, ventilation, fuel load, ignition method and room size), the mean maximum
hot layer temperatures during the post-flashover period fell within a narrow range of approximately
1,050° C to 1200° C. However, test variables and particularly ventilation, first-ignited-item and
composition of the fuel load had a significant effect on the time of attainment and duration of the
fully-developed phase (defined in this work as stage R4), during which the mean maximum
temperature occurs. The mean maximum temperature during the fully-developed phase and the
duration of stage R4 (over which it is calculated) are considered to be the appropriate measure of
fire severity since temperature is the thermodynamic result of the HRR in a given room fire, while
the duration defines the exposure time. Another main conclusion was that the primary bedroom
scenarios within this research resulted in the most severe fire conditions of the scenarios tested
since they had a large floor area and therefore contained the greatest amount of combustible

materials.

The one test incorporating a residential sprinkler system had a rapid extinguishment of the fire. The
sprinkler activated within 50 seconds and the temperatures did not exceed 120° C. A fire starting in
a oil-filled pot on the stove, in a layout simulating a main floor with a kitchen and living room,

developed much more slowly (9 minutes to flashover) than one where the fire originated in a sofa in

the same main floor configuration (3 minutes to flashover).
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Extensive analytical work was carried out to evaluate selected existing correlations for calculating
the growth phase, flashover, ventilation controlled HRR, post-flashover temperatures and fire
duration against the test data. Further work was conducted to develop the basis of a computation
model to calculate the peak temperature and the duration of the fully-developed phase. As a result,
methods were proposed for calculating the time to reach the mean maximum temperature, duration

of the post-flashover phase and the mean maximum temperature.

The results of this research provided valuable knowledge about the effect of key parameters such
as window size and first-ignited-items on the outcome of the fire. The test results revealed that
there was a significant variation in fire severity within a single room due to the complexity of the fire
dynamics, which makes it difficult to completely describe the fires using average values of key fire
properties. Therefore, it was concluded that the issue of prescribing or selecting a design fire
required additional contextual details in order to select the appropriate combination of governing
parameters, such as fire load density and composition, room size, ventilation settings and ignition
scenario. However, the results from this research provide valuable insight into the interaction of
governing parameters, their impact on the outcome of the fire and methods for calculating fire
properties, as discussed in the analysis of results in Part 2 of the project report.

Finally, a web-based experimental fire data management application (the CFMRD database
application) was developed for the management of experimental data generated from the project
and potential public dissemination of the data. In addition to processing the raw data, the database
application stores the raw and processed data, test photographs and videos, and other related
documents in an Oracle database, and permits users to navigate the database using an internet
browser. Users are able to view photographs, videos and graphs of the test results through

specially designed web pages.
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Abbreviations

CFMRD Characterization of Fires in Multi-Suite Residential Dwellings
FL Fire load energy (MJ)

FLED Fire load energy density (MJ/m?)
GWB Gypsum board

HRR Heat Release Rate (kW/m?)

O.C. On center

OSB Oriented strand board

PCF Primary combustible furnishing
PRF Post-flashover Room Fire
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Characterization of Fires in Multi-Suite Residential Dwellings

Summary Report
Alex C. Bwalya, Eric Gibbs, Gary Lougheed and Ahmed Kashef

1 Introduction

This report summarizes the research work carried out in the Characterization of Fires in
Multi-Suite Residential Dwellings (CFMRD) project. The CFMRD project was a collaborative
undertaking with industry, provincial governments and city authorities that was initiated by NRC
Construction in 2006 to study fires in low-rise multi-suite residential dwellings of light-frame
construction. The project was undertaken due to the need to:

a) Address the lack of realistic design fires, which are required to aid the development of
methods for achieving performance-based solutions to fire problems, and
b)  Improve the understanding of how fires develop in residential buildings.

The CFMRD project focused on fires in dwellings, such as apartments, semi-detached houses,
duplex houses, townhouses or row houses, secondary suites and residential care facilities as these
fires were believed to have a potentially greater impact on adjacent suites. The study was focused
on three types of living spaces in a residential building — the living room, bedroom and kitchen —
that statistically have been shown to have a high incidence of fatal fires. Although the project
sought to study fires in all of the aforementioned areas, there was a greater focus on fires in
bedrooms and living rooms, in which the first-ignited-item was a primary combustible furniture
(PCF) item ignited by a flaming ignition source, since it was known beforehand that the resulting
fires would develop rapidly to flashover and hence pose the greatest hazard to life safety and
structural building elements than would fires originating in other areas containing largely secondary
combustible furnishings (SCFs), such as kitchens, for instance. PCFs include items such as
upholstered seating furniture and bed assemblies, which have long been recognized as the main
combustibles that constitute the frequently-first-ignited items in many fatal residential fires. SCFs
consist of all other types of combustible contents, such as hard furniture, surface finishes (including
flooring), clothing, paper and plastic articles that would be subsequently ignited at flashover and
add fuel to a fire initiated by igniting a PCF. When PCFs are the first-ignited item, they are known to
give rise to rapidly developing fires due to the flammability of the polyurethane foam (PUF) that is

the dominant combustible constituent most often used in their manufacture.

1.1 Research Objectives

The main objectives of the project were:



1. To conduct fire experiments to characterize fires originating in various living spaces
within multi-suite dwellings;
2. To conduct numerical simulations of various fire scenarios in order to interpolate and

extend the data beyond that obtained in the experimental studies;

3. To produce a set of realistic design fires for multi-suite dwellings from the experimental
data;

4. To develop an analytical method that can be used to calculate design fires for multi-
suite dwellings.

1.2 Research Methodology

The research approach employed in the project utilized literature reviews, surveys (to determine
typical configurations and combustibles), computer simulations and fire experiments. Bench-scale
cone calorimeter tests and full-scale fire experiments were conducted to determine the combustion
characteristics of typical household furnishings found in living spaces that have a high incidence of
fires. The furnishings were individually tested in a room calorimeter (Phase 1) and collectively tested
in realistically furnished and well-instrumented simulated residential rooms (Phase 2). Numerical
modelling of fire development, using the NIST Fire Dynamics Simulator (FDS) [1], was conducted at
various stages to assist in the design and instrumentation of the full-scale fire experiments as well as
to study the effect of various parameters, such as the ventilation conditions, geometry, and fire load
on the development of the fire. To maximize the return of information from the project, the scope was
expanded to include the installation of realistically constructed wall sections in the test rooms to
represent interior and 1 hr rated partitions. The wall sections were used to evaluate the actual impact
of the fires on realistic boundaries. In addition, one test was conducted with a residential sprinkler
installed in the test room to evaluate its effectiveness in controlling a room fire. Although these two
additions to the project scope did not directly contribute to the achievement of the main objectives of
the project, they were considered to be valuable to the general objective of characterizing fires in
multi-suite residential dwellings. Finally, analytical work was carried out to:

a) Evaluate the use of existing methods for calculating quantities such as time to flashover,
ventilation-controlled heat release rate (HRR), post-flashover fire temperatures and duration
of the fully-developed phase (onset of decay).

b) Develop and propose methods for calculating fire properties where existing methods were
inadequate.

A list of fifteen publications that were produced during the CFMRD research is given in Appendix A.



2 Survey of Dwellings

The survey was primarily based on measurements and photographic information obtained
from real-estate websites. In addition to quantifying movable combustible contents, an important
objective of the survey was to determine the similarities in combustible contents and configurations
of the residential dwellings selected for this research. The survey provided an insight into the types
and quantity of combustible contents found in residential dwellings, as well as floor configurations
and other information that is pertinent to fire issues. Typical furnishings that constitute a significant
portion of the movable fire load (were identified and values of fire load densities were calculated for

rooms such as: kitchens, dining rooms, living rooms and bedrooms.

The average fire load densities in various rooms were estimated to be: kitchens — 807 MJ/m?;
dining rooms — 393 MJ/m?; living rooms — 412 MJ/m?; basement living rooms — 288 MJ/m?; primary
bedrooms — 534 MJ/m?; and, secondary bedrooms — 594 MJ/m?. Although kitchens had the highest
fire load density the actual fire load (heat content) was found to be lower than that for bedrooms,
which had higher values due to their larger floor areas and higher calorific values of contents, such
as mattresses and carpeting.

Table 1 shows the calculated fire load densities for six rooms. The results show that kitchens had a
significantly higher fire load density (mean of 807 MJ/m?) than any other area in a home due to a
combination of the heavy wooden cabinets and a small floor area. This result is in good agreement
with the results of a survey of single-family dwellings conducted in the USA [2], in which the highest
fire load densities were found in kitchens and storage areas, although the values were reported to
be higher than 1,000 MJ/m?.

Table 1. Movable fire load densities for various room [3, 4].

Room Mean Mean Standard Minimum Maximum 95"  Sample EMean FL

Area FLED Deviation Percentile Size i

(md  (MJ/m? (MJ/m?) (MJI/m?) (MJI/m? i (MJ)
i

Kitchen 9.8 807 123 420 1244 940 515 | 7,908
Secondary i

bedroom 10.5 594 146 107 1,000 846 129 I 6,237
Primary i

Bedroom 16.6 534 125 249 920 753 347 I 8,864
1

Living room 17.6 412 127 106 897 610 397 | 7,251
i

Dining room 9.7 393 132 119 901 576 292 | 3,812
i

E"‘.seme"t 232 288 96 103 633 450 130 | 6,682
iving room [




The 95" percentile value of fire load density—a value exceeded by only 5% of the survey
population—has great significance in fire safety engineering in so far as designing buildings and
structures against fire scenarios having a potentially severe impact. Some design guides
recommend using at least a 90" percentile fire load density from representative surveys [5]. Since
the fire load density has a direct bearing on fire duration, given identical fire development
characteristics and floor area, the 95" percentile (or 90™ percentile) value better reflects the
inherent fire hazard and is often referred to as a credible but severe fire load density [6]. In this
research, the fuel loads were designed on the basis of the 95" percentile fire load density to
achieve conservative fire conditions. Assuming a normal distribution, the 95" percentile value is
often approximated to be 1.64 times the standard deviation plus the mean. However, in the present
case, the distributions were not strongly normal; therefore the 95" percentile value was calculated
to be consistent with each distribution.

Since the area of different rooms varies greatly, it was concluded that the fire load density alone
may not be a particularly good indicator of the likely impact of a fire given that a large room, with a
lower fire load density, may contain a greater overall quantity of combustible materials (greater fire
load energy) than much smaller rooms having high fire load densities, as shown by the comparison
of rankings based on mean fire load density (FLED) and fire load energy (FL), which is given in
Table 2. While the primary bedroom ranks third in terms of fire load density, it ends up in first
position in terms of fire load energy. Another interesting case is the secondary bedroom, which
drops from second position (FLED ranking) to fifth position in the FL ranking order. Under
comparable fire growth and ventilation conditions, rooms with greater fire load energy are likely to

result in fires having a longer duration and a more severe impact.

Table 2. Ranking of rooms based on the mean FLED and FL.

Mean FLED FL

(MJ/m?) i (MJ)
Kitchen 1 : 2
Secondary bedroom 2 : 3
Primary Bedroom 3 ! 1
Living Room 4 i 3
Dining Room 5 i 6
Basement Living Room 6 ! 4

FLED: Fire load density; FL: Fire load energy.
The results of the survey were valuable in providing the basis for designing the test facility and fire
experiments for the CFMRD project.
2.1 Conclusions

The main findings from the survey were as follows:
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The main floor in a residential dwelling was of the open-concept design (not
compartmented), whereas the upper floor(s) containing bedrooms were highly
compartmented. Basements had a combination of an open-concept layout with some degree
of compartmentation depending on their usage.

Residential care bedrooms had floor areas having a comparable room size (of about

10 m?) to secondary bedrooms and contain similar types of residential furnishings. However,
the actual moveabile fire load (excluding flooring) in residential care bedrooms was less than
in secondary bedrooms.

Although there was insufficient information on secondary suites, it was assumed (based on a
few floor plans that were collected) that they are apartments of reduced dimensions, with the
living room, dining room, kitchen and bedrooms located on the same level.

Primary bedrooms and main-floor living rooms had a mean floor area of about 16 m?
whereas basement living rooms had larger floor areas with a mean of around 23 m?.

Kitchens, dining rooms and secondary bedrooms had comparable floor areas of about 10 m?.

The fire load density and composition of combustible contents varied according to the type of
room. The kitchen, dining room and living room had a higher composition of wood compared
to bedrooms due to the popularity of hardwood flooring in living and dining rooms, and the
presence of heavy wooden cabinets in kitchens.

Bedrooms had fire loads consisting of a significant amount of textiles compared to other
rooms. The use of mate’s beds and bunk beds likely results in significantly greater

combustible fire loads compared with other bed types.

The average fire load densities in various rooms were estimated to be (95" percentile values
in brackets): Kitchens — 807 (940) MJ/m?; dining rooms — 393 (576) MJ/m?; living rooms —
412 (610) MJ/m?; basement living rooms — 288 (450) MJ/m?; primary bedrooms —

534 (753) MJ/m?; secondary bedrooms — 594 (846) MJ/m?. Although kitchens had the
highest fire load density the actual fire load (heat content) was found to be lower than that for
bedrooms, which had higher values due to their larger floor area and high calorific value of
contents, such as mattresses and carpeting.

The fire load density alone does not provide a complete picture of the associated fire hazard
since parameters such as floor area and composition of the fire load can affect the total heat
energy content and its rate of release during a fire, assuming that other parameters remain

identical.

Windows in living rooms were typically larger (mean of 1.9 m wide x 1.3 m high) than
bedroom windows (mean of 1.1 m high x 1.3 m high).
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2.2 Reference Publications:

The following publications document the results of the survey:

1. Bwalya, A., Lougheed, G., Kashef, A. and Saber, H. 2008. "Survey Results of Combustible Contents
and Floor Areas in Canadian Multi-Family Dwellings", Institute for Research in Construction, National
Research Council Canada, Research Report, IRC-RR-253, Ottawa, Canada.

2. Alex C. Bwalya, Gary Lougheed, Ahmed Kashef and Hamed Saber. January, 2010. "Survey Results
of Combustible Contents and Floor Areas in Canadian Multi-Family Dwellings", Fire Technology,
Vol.46, No.1, p.1-20.

3 Computer Simulations

Numerical simulations were conducted in order to study the effect of ventilation settings on
fire development in a room with the following dimensions: 4,200 mm long, 3,800 mm wide and
2,400 mm high. Eleven different ventilation scenarios (with opening factors ranging from 0.01 to
0.08 m"?) were considered in the simulations using the NIST FDS [1], a fire model based on
computational fluid dynamics (CFD) solution techniques. The opening factor, F, is given by:

A
T

3.1
) (3.1)
where A, (m) is the area of the opening and H, (m) is the height of the opening, and A; (m?) is the

total internal surface area of the enclosing surfaces.

The objective of the fire simulations was to gain insight into the effect of the size, number and
location of ventilation openings on fire development, as well as to help identify suitable locations for
installing certain types of instruments. In the simulations, both ventilation-controlled and fuel-
controlled fires were considered. A fuel package consisting of a polyurethane mock-up sofa and
two wood cribs underneath it was used in all of the scenarios. The masses of the polyurethane and
wood cribs in the fuel package were 8.3 kg and 86.7 kg, respectively. Detailed discussions of the
simulations (assumptions, results and analysis) have been published elsewhere [7 - 11]. The
results of the computer simulations revealed interesting flow patterns across the window openings,
which highlighted the need to install velocity probes at specific locations to better determine the
location of the neutral plane, for instance.

The CFD fire modelling efforts culminated in a detailed study of the different mechanisms of
thermal decomposition of solid combustible materials, specifically wood and polyurethane
foams [12]. Figure 1 illustrates the layout of the fuel package in the CFD model. The test that was
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simulated (shown in Figure 2) was conducted with a mock-up sofa that was constructed with six
blocks of flexible polyurethane foam (PUF) placed on a metal frame, with each block measuring

610 mm long x 610 mm wide and 100 mm or 150 mm thick. The total mass of PUF was 9.34 kg

and its density was about 32.8 kg/m®. The 150 mm thick foam blocks were used for the backrest
and the 100 mm thick foam blocks for the seat cushions. The wood cribs were made with spruce
lumber pieces, each measuring 38 mm x 89 mm x 800 mm and had a total mass of 47.5 kg. The
lumber pieces were evenly spaced in rows of six and stacked to a height of 356 mm.

MocK up sofa
and woodcribs

Figure 1. lllustration of the layout of the fuel package Figure 2. Actual fire experiment in progress in the test
used in the CFD simulation. room with a window opening of 1,500 x 1,500 mm.

The mechanism used for the degradation of PUF materials consisted of a series of complex steps
made up of competitive reactions, independent reactions, and consecutive reactions. The melting
behavior of the polyurethane foam and its effect on the fire growth and spread was also
investigated. Additionally, the key parameters that affected the evaporation rate of the melt and
subsequent fire spread and growth were explained [12].

A simple mathematical model was developed to predict the plume height of a pool fire as a function
of the HRR for the different types of polyurethane foams. In the study, two approaches were
examined to determine the suitable method to use for the modelling effect of melting on fire growth
and spread. In the first approach, it was assumed that the burning surface of the sofa produced fuel
particles when its temperature reached the melting temperature. In the second approach, a liquid
pool fire was considered on the catch surfaces underneath the sofa. Based on the current
capabilities of FDS version 5, it was found that the first approach produced the best results.

In order to investigate the importance of accounting for the melt on the fire growth and spread, two
numerical simulations were conducted with and without considering a liquid pool fire as a result of
melt and dripping of polyurethane foam. The results of these simulations indicated that the
measured HRR was considerably higher than the predicted HRR when the effect of the melt during
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the ignition, growth and spread fire regimes was neglected. Conversely, when the effect of the melt
was taken into account, the predicted HRR was in good agreement with the measured HRR in the
different fire regimes (ignition, growth and spread, fully-developed and early stage of decay
regime), as shown in Figure 3. The maximum predicted HRR (~3,250 kW) was 6% lower than the
maximum measured HRR (~3,450 kW). Since the experimental HRR was measured in an open
calorimeter, and the predicted HRR was calculated inside the room, the maximum predicted HRR
occurred at 213 s, while the maximum measured HRR occurred 32 s later (at 244 s). This is
consistent with tests that have shown that placing a PCF in a room can cause a more rapid fire
development. Furthermore, results showed that the trend of both the predicted and measured
temperatures during the different fire regimes was approximately the same although there was a
time lag between the predicted and measured temperatures.
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Figure 3. Comparison of the measured and predicted HRR vs. time profiles.

The results of temperature predictions, which are given in Table 3, show that the predicted and
measured peak temperatures at different elevations above the floor (0.4, 0.9, 1.4, 1.9 and 2.4 m)
were in good agreement with the measured temperatures. The calculated temperature profiles are
compared with measured results in Figures 4 and 5. The predicted peak temperature at Z=1.9 m
was ~12% (692° C, reached at 310 s) lower than the measured temperature (787° C, reached at
206 s, Figure 4). At the ceiling (Z = 2.4 m), the predicted peak temperature was 705° C (reached at
308 s), which was ~12% lower than the measured temperature (804°C, reached at 212 s, Figure 5).
In general, the CFD model predicted the experimental measurements of the temperatures at
different elevations above the floor with reasonably good accuracy.



Table 3. Comparison of measured and calculated temperatures.

. Peak temperature Time at peak Deviation of the
Elevation (°c) temperature (s) predicted peak

E;IIDOVB the temperature from the
oor (M) | pregdicted | Measured | Predicted | Measured measured one (%)

0.4 514 475 219 212 -8.2%
0.9 622 607 220 213 -2.5%
1.4 665 693 309 208 4.0%
1.9 692 787 310 206 12.1%
2.4 (Ceiling) 705 804 308 212 12.3%
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Figure 4. Comparison between measured and predicted average temperatures of the four trees (irees 1 — 4)
at a height (Z) of = 1.9 m.
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at a height (Z) of = 2.4 m.

3.1 Reference Publications.

The computer modelling work is documented in the following publications:
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experimental investigations of fire behaviour due to polyurethane foam and wood cribs in a
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Report No. 291, Ottawa, Canada.

. Saber, H., Kashef, A., Bwalya, A., Lougheed, G., and Sultan, M. 2008. "A Numerical Study
on the Effect of Ventilation on Fire Development in a Medium-Sized Residential Room ",
Institute for Research in Construction, National Research Council Canada, Research
Report, IRC-RR-241, Ottawa, Canada.

. Saber, H.H., Kashef, A., Bwalya, A.C. and Lougheed, G.D. 2008. "Analyses of Post-
Flashover Fires in a Medium-Sized Residential Room under Different Ventilation
Conditions", Institute for Research in Construction, National Research Council Canada,
Research Report, IRC-RR-264, Ottawa, Canada.

. Saber, H.H., Kashef, A., Bwalya, A.C. and Lougheed, G.D. 2008. "Post-Flashover
Compartment Fire for Different Fire Ventilation Settings in A Medium-Sized Residential
Room", ASME International Mechanical Engineering Congress and Exposition -
Proceedings of IMECE2008, Boston, Massachusetts, USA.

. Saber, H.H. and Kashef, A. 2008. "Post-Flashover Compartment Fire for Different Fire
Ventilation Settings in A Medium-Sized Residential Room", 16th Annual Conference of the
CFD Society of Canada: 09 June 2008, Saskatoon, Saskatchewan, Canada.

. Saber, H.H. and Kashef, A. 2008. "CFD Simulations for Different Fire Ventilation Scenarios

in A Room", 5th NRC Symposium on Computational Fluid Dynamics and Multi-Scale
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4 Phase 1 Tests: Combustion Characteristics of Individual Furnishings

In Phase 1 of the project [13], 36 fire experiments were conducted with various individual
furnishings in a well-instrumented 16 m? room to capture the effect of radiation feedback and other
room effects on fire behaviour. The dimensions of the room were 3,800 mm wide x 4,200 mm
long x 2,400 mm high, and it had a 1,500 mm x 1,500 mm window opening. The furnishings tested
included mattresses, bed clothes, bed assemblies, upholstered seating furniture, clothing
arrangements, books, plastic audio and video media and storage cases, toys and a computer
workstation setup. The objectives of Phase 1 were to:

a) Determine the burning characteristics of a range of primary and secondary combustible
furnishings in a room environment;

b) Select suitable PCFs (particularly first-ignited items) for use in Phase 2 of the project; and

c) Develop information on calorific values and various other aspects of combustion behaviour

to aid the design of experiments in Phase 2.

The test room was instrumented with load cells, heat flux gauges, thermocouples and velocity
probes in order to take the following measurements: mass loss, total heat flux on gauges installed
flush with the internal surfaces (floor, walls and ceiling), temperatures at numerous locations and
gas velocities in the window opening. The smoke from the room was collected using a hood system
in order to measure the HRR and optical density of the smoke.

Twin-size mattresses (weighing 12.5 kg to 23.1 kg) produced peak HRRs of approximately

3,800 kW and the maximum room temperature was approximately 980° C. The HRRs of bed
assemblies of various sizes (weighing 42.5 kg to 86.5 kg) and configurations ranged from 1,800 kW
for a 86.5 kg twin bed, to 6,250 kW for a 56.7 kg bunk bed. The maximum temperature and heat
flux recorded in the experiments were 1,071° C and 221 kW/m?, respectively. Upholstered chairs
and sofas had HRRs ranging from 630 kW for a 12.6 kg Ottoman, to 3,360 kW for a 44.3 kg two-
seat sofa. Since the configuration of test room (room dimensions and wall lining materials) was
constant, temperatures were linearly proportional to the peak HRR (and exposure time) until the
ventilation-limit (approximately 4,100 kW) was reached.

In tests with clothing (41.1 kg), toys (15.6 kg), shoes (29.0 kg), books (66.2 kg), computer
workstation (68.6 kg) and CD and DVD media (48.3 kg), the peak HRRs ranged from 440 kW for a
bookcase to 2,045 kW for toys. Furnishings containing a large amount of rigid thermoplastics, such
as shoes and media cases produced very dense smoke even at low HRRs. The experimental

results from this phase of the project are summarized in Table 4.
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Table 4. Summary of experimental results in Phase 1 of the project.

Test ID HRRmax THR  ODM... HC Toax Q. Q. T
(kW) (MJ)  (OD/m) (MJ/kg) (°C) (KW/m?) (KW/m?) ©
C)
05-S1-03 1,808 144 594 (101)° 39 (20)°
0.4 26.7 10 18
(Mattress) (174)' (5.4)° [722 SET* [67 SW CSI*
06-S1-01 3,790 257 835 (54) 98 (32)
1.3 20.6 42 18
(Mattress) (234) (12.5) 899 SE] [138 W wall]
07-S1-02 %é%?é? 250 0.6 26.9 728 (135) 13 55 (27) 18
(Mattress) (9.3) [860 SE] [92 SW CS]
e ’ 1.7 24.6 87 18
el e
09-SI-25 1,843 461 590 (91) 35 (16)
0.4 18.8 12 15
(Chair) (185) (27.3) [713 SW] [40 S wall]
10-Sl-24 1,818 625 582 (25) 33 (10)
0.8 21.9 15 22
(Chair) (206) (30.1) [620 SE] [46 NE CS]
11-SI-08 268 123 01 03.4 119 (5) 0.6 2.5 (1) 15
(Bed clothes) (466) (5.25) [126 SW] [3.8 SW CS]
12-S1-07 388 102 . 157 195 (10) - 5.4 (2) 15
(Bed clothes) (582) (6.5) [204 SE] [7.9 SW CS]
13-Sl-15 1,855 942 542 (60) 34 (13)°
) 0.2 25.4 12 21
(Clothing) (118) (32.1) [598 SW] [49 SW CSJ*
14-SI-06 3,796 282 905 (41) 100 (33)
2.4 26.9 46 20
(Mattress) (233) (10.5) [956 SW] [129 N wall]
15-SI-.27 906 (178) 152 04 20.8 308 (33) 5 14 (6) i
(Chair) (7.3) [346 NW] [25 SW CS]
16-Sl-16 1,529 1,662 680 (34) 40 (24)
0.4 20.8 16 17
(Wardrobe) (622) (89.8) [710 SE] [88 SW CS]
17-SI-75 210 47 116 (18) 2.6 (1)
2 12.9 5 19
(Bed clothes) (756) (3.7) [143 NW] [4.3 SW CS]
Q. 5
18-51-36 93 (220 '\(‘)//; 0.2 N/A 42 (1) <1 <1 23
(TV set) (0.5) [43 NW]
19-S1-83 N/A N/A 2 N/A 130 (5) <1 31(1) 26
(Bed clothes) [137 SW] [4.6 W wall]
20-SI-19 1,294 1,229 442 (23) 21 (8)
’ ’ 1.3 28.9 7 25
(CD/DVDs) (4195) (35.8) [473 NW] [33 W wall]
21-SI-10 2,978 773 826 (87)° 77 (28)°
’ 0.9 215 25 29
(Bed assembly) (394)' (35.8)° [933 SEJ* [99 W wall}*
22-5122 (Toys) 2,048 (66) o0 1.4 25.7 603 (55) 14 41(16) 20
(15.9) [667 SE] [65 SW CS]
23-S1-76 3,358 595 891 (41)° 95 (37)
’ 1.3 18.3 20 18
(Bed assembly) (332’ (32.5)° (942 SW]' (140 W wall]
1,229 529 375 (4) 26 (20)
24-S1-18 (shoes 1.0 25.6 8 23
(shoes) 244y (20.7) 379 NW] [69 SW CS]
443 881 183 (9) 7 (5)
25-S1-20 (Books 0.1 18.5 2 23
(Books) 2162)  (47.7) [197 NE] [16 SW CS)]
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Test ID HRRmex ~ THR  ODM,. HC Toax 0" i T

mf mwc 0
(kW) (MJ)  (OD/m) (MJ/kg) (°C) (KW/m?) (KW/m?) ©
C)
N e s O T
27-SI-11 2,052 1,309 0.0 N/A 621 (67) 16 59 (30) s
(Bed assembly) (388) (N/A) [708 SW] [102 S wall]
(;8':"05) <(§%° N/A (3.0)  0.05 N/A [:; (SA;/)V] N/A 0.8 f\?ézg:][o'g 18
attress
29-Sl-12 3,971 809 1,026 (21) 173 (32)
i 2.6 20.6 N/A 18
(Bed assembly) (247) (40.7) [1,057 NE] [223 S Wall]
30-S1-83 197 56 02 170 111 (4) P 3.9(2) 19
(Bed clothes) (378) (3.3) [115 SE] [4.9 S wall]
31-SI-13 3,762 835 1,052 (16) 177 (26)
’ 27 18.2 128 20
(Bed assembly) (466) (47.9) [1,071 NE] [221 S Wall]
32-Sl-14 6,258 957 1,003 (39) 167 (36)
i 2.4 21.4 89 24
(Bed assembly) (248) (38.7) [1,061 NE] [221 E CS]
33-Sl-21 1,794 1,180 635 (72) 64 (28)
(workstation) (433) (54.0) 0.9 24.1 [740 SW] 24 [104 Swal] 2%
34-Sl-12 1,912 853 0.8 004 583 (56) 18 35 (9) 177
(Bed assembly) (293) (43.3) [629 SW] [51 SW CS]
35-S1-04 3,351 265 19 202 749 (151) 29 66 (32) 24
(Mattress) (336) (13.1) [921 SE] [129 SW CS]
36-S1-29 631 (509) 73 0.3 11.4 149 (56) 3 10(4) -24
(Ottoman) (6.4) [183 SW] [16 SW CS]
40-S1-31 31,%%4 g;)f; 17 16.0 739 (190) 19 83 (52) 4
(Loveseat) (189) (37.1) [910 SW] [165 SW CS]
41-SI-32 3,170 886 800(191) 94 (43) [144
: 2.0 18.1 23 -4
(sofa) (217) (49.00 7 [1006 SE] SW CS]
42-S1-85 1,812 615 04 046 452 (45) 00 26 (8) i
(Bed assembly) (564) (22.1) [493 SW] [36 W wall] 20.0
43-S1-33 14358 297 0.05 18.1 113 (62) ] 5 (1) 13
(Futon) (1,008) (16) [149 SE] [6 SW CS]
44-Sl-12 2,703 700 10 175 836 (236) 39 79 (22) 5
(Bed assembly) (442) (40.1) [892 NE] [106 W wall]

THR - Total heat released; ODM.x — Peak optical density per meter; T, — Maximum average room temperature (of four TC trees); HC
— Effective heat of combustion; Q;f— Maximum heat flux at floor level; Q;wc_ Maximum average heat flux on the walls and ceiling;

T:o - Ambient temperature; SW C: SW ceiling location; W wall: West wall; N wall — North wall; NE C — NE ceiling location;

"Time to reach the peak HRR (s); > Mass loss (kg); ° Standard deviation (SD); * 7. or (.. and its location. ® N/A: Not available due

to instrumentation malfunction or other omission.

41 Conclusions

The main conclusions from this phase of the project were:
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Four of the mattresses tested were capable of causing flashover in the 16 m? room and
three of the mattresses produced significantly higher peak HRRs of approximately

3,800 kW, with peak room temperatures of approximately 980° C. An innerspring mattress
(SI-06) was selected for use in tests in Phase 2 of the project because it had a rapid rate of
fire growth and the highest peak HRR.

The addition of bed clothes (to a mattress) and other components that make up a complete
bed assembly caused a reduction in the rate of fire growth and peak HRR by as much as
11%, i.e. a mattress alone placed on a supporting frame without bed clothes resulted in a
more severe fire than was the case with a bed assembly using the same mattress.

The fires grew in size and intensity with the increase in bed assembly size from twin to
double. There was an 18% increase in peak HRR (3,358 kW to 3,971 kW) and the effect on
other quantities was: 100% increase in smoke density; 12% increase in peak room
temperature (942° C to 1,057° C); 59% increase in peak total radiation measured by the
heat flux gauges, a significant increase given that thermal radiation is proportional to the
fourth power of absolute temperature (on the Kelvin scale). Based on these results, it is
likely that there was also an increase in the emissivity of the hot gases.

A number of tests demonstrated that bed clothes had a noticeable influence on fire growth.
It was found that the bed assemblies had lower peak HRRs than their corresponding
mattresses. Tests 29 and 31 demonstrated that a change of bed clothes had a significant
influence on the fire growth rate.

In a test with a bunk bed assembly, it was found that excessive amounts of PUF resulted in
lower temperatures in the test room since the fire environment became severely under-
ventilated. For the purpose of this project, such a bed assembly would be unnecessarily
onerous with regards to collecting the excessive amount of smoke using the hood system.
Therefore, either a double or queen bed assembly was selected to be used in studying the
fully-developed room fire behaviour.

. A mate’s bed was found to have a much lower peak HRR (39% lower than a bed assembly
using a posture box foundation) since the wooden (particleboard) base restricted the
burning area and air entrainment. Although the total amount of heat released was much
greater than a bed assembly with a posture box (elevated about the floor), the latter poses a
more critical fire hazard given that it caused flashover to occur earlier.

A bed assembly using a mattress and foundation that was compliant with the 16CFR1633
open flame test standard [14] was found to significantly reduce and delay the peak HRR.
Although a peak HRR of 1,573 kW was measured, the temperatures in the room were well
below 600°C indicating that flashover did not occur.
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8. A reduction in the window size (from 1,500 mm x 1,500 mm to 1,400 mm x 1,200 mm) in a
test with a double bed assembly resulted in a 16% reduction in the peak room
temperatures. This is in agreement with other published results from fire tests and fire
models [15, 16], although the extent of the temperature reduction depends on the specific
configuration of the compartments in question.

9. A chair (SI-26) having a peak HRR of 2,710 kW was selected, from a set of four, to be used
in tests in Phase 2 of the project. In subsequent tests with two- and three-seat sofa versions
of the chair, it was found that the two-seat sofa had the highest peak HRR of 3,364 kW,
which was attributed to the greater effect of radiation feedback from the armrests than in the
case of a three-seat sofa (peak HRR of 3,170 kW) where the armrests are further apart. The
chair had the shortest time (142 s) to reach the peak HRR, followed by the two-seat sofa
(189 s).

10. In a test with a Futon mattress, it was found that the cotton filling material provided strong
resistance to combustion due to the protective effect of the char and the measured peak
HRR was less than 500 kW. This result may not reflect the combustion behaviour of all
Futon mattresses, since there are types that are manufactured entirely with PUF and
polyester fibres as the filling materials.

11. For the tests conducted with secondary combustible furnishings:

a. Clothing and stuffed toys resulted in extremely rapid fire growth, when there was
unrestricted air flow around the test arrangement, due to the presence of low density
and loosely packed (or stuffed) polyester materials.

b. Furnishings containing a large proportion of rigid plastics, such as shoes, CD and
DVD media packages and a computer workstation, produced very dense smoke,
although the peak HRRs hardly exceeded 2,000 kW when the products were tested
as individual items or in small groups.

c. The collapse of sample configurations (e.g. wardrobe, bookcases and clothing
arrangements) was observed to be a factor that contributed to the earlier onset of
the decay phase and increased its duration.

d. ATV set with a cathode ray tube was found to be not easily ignitable due to the fact
that the housing materials met UL94 HB [17] flammability test standards. Although
the set contained an insignificant amount of combustible materials (~ 5.2 kg; ~ 15%
of the total mass), the smoke produced at lower HRRs was very dense.

4.2 Reference Publications

The work conducted in Phase 1 of the project is documented in the following publications:
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5 Phase 2 Tests — Post-flashover Room Fires
5.1 Test Facility

In Phase 2 of the project, the fire experiments (tests) were conducted in a specially constructed
one-storey test facility, which was designed to represent a single storey of a multi-family dwelling,
such as a main floor or second storey, having a floor area of approximately 48 m?. Figures 6 and 7
show the schematic illustration and photograph of the test facility, respectively. The test facility and
HRR calorimeter hood were located inside a large fire-testing hall. The exterior walls of the facility
were constructed around a concrete slab foundation using 390 mm wide x 190 mm high x 190 mm
deep concrete blocks. The HRR calorimeter consisted of a 6,000 mm x 6,000 mm square sheet-
metal hood with a vertical exhaust duct having a diameter of 1,320 mm, as shown in Figure 8. A
sheet-metal skirt was installed around the perimeter of the hood to help direct smoke and hot gases
into the hood and maintain good accuracy of measurements.

7,500

N
|' A

Doorway #2

Doorway #1 mem=s  Two layers of Type-X GWB

on 102 mm steel studs.

=== Two layers of Type-X GWB
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6,500

Concrete block walls
Room #2 Room #1 (using 390 x 190 x 190 mm blocks)

E Test wall sections (TWS 01 & 02)
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Windows

Calorimeter hood
(6,000 x 6,000)

Figure 6. CFMRD One-storey test facility.
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Figure 7. Photograph of the one-storey facility. Figure 8. Calorimeter hood and exhaust duct.

The test facility permitted a flexible array of test configurations to be constructed, such as: single
rooms with floor dimensions of 3,800 x 4,200 mm (area: 16 m?) or 3,200 x 3,500 mm (area:

11.2 m?), multiple rooms or a single large room covering the entire 48 m? floor area to simulate a
main floor of a multi-family dwelling, for example. All of the rooms had a ceiling height of 2,440 mm.
For single-room tests conducted in Room #1, Doorway #1 was either sealed off, using
non-combustible materials, or left open, depending on the objectives of the test.

The fuel load in the tests consisted of real residential furnishings and all of the fires were initiated
with a flaming ignition source resulting in rapidly developing fires in all 13 tests where the first-
ignited item was a PCF. In order to study a kitchen fire, direct impingement on a PCF was not done.
A more realistic ignition source, a stove-top oil fire, was used. Without direct impingement on a
PCF, the growth of the fire was less rapid. The matrix of 14 tests was developed in consultation
with members of the project consortium at the bi-annual Progress Review and Planning Meetings.
The tests were derived from six main layouts to explicitly evaluate the effect of ventilation, fuel load
density and composition, ignition location, and sprinklers on the room fire. Tenability was studied by
conducting a multi-room experiment in which fire effluent from the room of origin was allowed to
flow into an adjacent room. Two tests were devoted to studying fires in residential care dwellings
(bedrooms) and secondary suites, which were considered to have similar configuration of

furnishings to those in regular dwellings.

The tests were well-instrumented, with approximately 130 to 150 data measurement points
(channels of data) used per test, in order to obtain the following measurements:
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) HRR;

) Room and solid-surface temperatures;
c) Heat flux;

) Concentrations of O,, CO, and CO gases at various locations;

) Gas flow velocities in the window openings and the exhaust duct; and;
f) Static pressure.

The HRR and room temperatures were two of the most important measurement quantities given
their role in defining the potential of a fire to cause damage to the surrounding building elements by
thermal-induced degradation.

A larger number of the tests (eight out of 14 tests) were conducted in bedroom settings because
the survey results showed that bedrooms contained significantly greater fire load energy content in
addition to the fact that fire statistics show that the greatest number of fatalities occur in bedrooms.
The secondary bedroom was of interest because it had the highest FLED amongst all of the rooms
that contained a large amount of upholstered furniture.

5.1.1 Fire Tests

The 14 room fire tests were based on six distinct room layouts (referred to as “base configurations”)
simulating the following residential rooms and configurations: 1) primary bedroom; 2) secondary
bedroom #1; 3) secondary bedroom #2; 4) living room; 5) secondary suite, and; 6) main floor. The
secondary bedroom #2 simulated a lower bedroom fuel load and smaller window size found in
some residential care dwellings. Details of these base configurations can be found in Table 5. The
definitions of these residential rooms and configuration was provided in a separate report [3], which
covered the residential survey results [4]. Table 6 lists the windows sizes and their corresponding
theoretical ventilation-limited HRRs, which varied from approximately 1,500 kW to 6,900 kW
(ventilation factors ranging from 1 to 2.76 m°?, respectively). The ventilation factor, F,, is the
product of the area of the window and the square root of its height (FV=A0\/E)- Window V1 was

chosen to be the best reference-case size (i.e. resulted in the highest room temperatures) after a
series of preliminary fire simulations and experiments that were conducted with various window

sizes [7].
The test matrix was designed to achieve the following objectives:

1) Objective #1: Characterize fire behaviour in each of the five base configurations (project
objective #1).
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2) Objective #2: Evaluate the effect of the following parameters: ventilation, fire load
composition, FLED (project objective #2).

3) Objective #3: Evaluate the effect of using a residential sprinkler (project objective # 1).

4) Objective #4: Determine the repeatability of the measurements. Repeatability is the
assessment of the measurement variability found when the same test is repeated using the
same apparatus under identical conditions.

5) Objective #5: Determine the progressive mass loss during a test (project objective #2).

Table 7 provides the full list of the tests conducted, indicating some of the key variables. Only one
test (PRF-13) was conducted with load cells installed to measure the rate of mass loss during the
test.

Table 5. Base configurations of PRF Tests.

Floor dimensions

No. Base configuration (floor area) Tests

B1 Primary bedroom 3.8x4.2m (16.0 m2) PRF-01, -02, -03, -04
B2  Secondary bedroom #1 3.2x3.5m(11.2 mz) PRF-05, -07

B3  Secondary bedroom #2  3.2x3.5m (11.2m? PRF-09

B4  Living room 3.8x4.2m (16.0 m?) PRF-06, -11, -12, -13

_ Bedroom: 3.8 x 4.2 m (16.0 m®)
B5 Secondary suite o 5 PRF-08
Living room: 3.4 x 6.3 m (21.4 m")

B6  Main floor 7.3 x 6.3 m (46.0 m) PRF-10, -14
(living/dining/kitchen)

Table 6. Window sizes used in the Tests.

Dimensions HRR,?

- 5/2y1
Window ID Width x Height (m) Fv (m>) (kW) Tests
#1 #2
PRF-01, -03, -04, -06,
V1 1.5x15 - 2.76 4,140 1,12, -13
V2 1.4x1.2 - 1.84 2,760 PRF-02, -05
V3 1.0x1.0 - 1.00 1,500 PRF-09
V4 1.5x15 1.4x12 456 6,840 PRF-08, -10, -14
V5 1.4x1.2 0.7x12 276 4,140 PRF-07

! Ventilation factor (FV=A0 fHO ) where A, (m) = sum of openings and H, (m) = average of heights; ? Theoretical ventilation-

limited HRR calculated assuming a combustion efficiency of 100%: HRR, = 1500 x F,
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Table 7. Summary of the setup and variables for the Tests.

Variables and Test Details

TestID Config." Objective
Window Floor finish Further test details
PRF-01 B1 1 VA Carpet Base configuration
Evaluated the effect of a reduced window

PRF-02 B1 2 V2 Carpet size (compared to PRF-04).

Evaluated the effect of increased wood
composition on fire behaviour

PRF-03 B1 2 V1 Hardwood e Achieved by replacing the carpet
and under pad with hardwood
flooring.

Base configuration: Repeat of PRF-01,

PRF-04 B 1 Vi Carpet which was terminated prematurely.

Base configuration and also evaluated

PRF-05 B2 1and 2 V2 Carpet effect of high FLED.

PRF-06 B4 1 VA Carpet Base configuration.

Multi-room with door open to adjacent
room (PRF-05 fuel load), studied:
1.  Smoke flow and tenability

PRF-07 B2 2 V5 Carpet conditions in Room #2.

2. Effect of increased ventilation
(compared to test PRF-05).

PRF-08 B5 1 V4 Carpet and OSB Base configuration

PRF-09 B3 2 V3 Hardwood Base configuration

PRF-10 B6 1 V4 \';:ﬁ;?WOOd and Base configuration

Evaluated the effect of a residential
sprinkler. Most of the SCFs were excluded

PRF-11 B4 3 V1 Carpet since it was anticipated that the sprinkler

would extinguish the fire before they
ignited.

PRF-12 B4 4 Vi Carpet Repeat of test PRF-06.

Based on configuration B4 with:
1. Load cells installed to measure
mass loss.

PRF-13 B4 5 Vi Carpet 2. Room surfaces lined with cement
board to prevent corruption of
mass loss measurements.

Evaluated the effect of a kitchen fire started

PRF-14 B6 5 va Hardwood and

vinyl

by a stove-top fire source.

'Base configuration.
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The fire was initiated on the first-ignited-item using the appropriate ignition method given in Table 8.
The first-ignited-item and ignition sources were selected in Phase 1 of the project [13]. The planned
duration of each test was 1 hour.

Table 8. Ignition sources used in the tests.

First ignited Tests Ignition source Strength Reference
item (PRF no.) Standard
Bed assembly 01, 02, 03,04, T-burner 9 kW (6.6 L/min) for 50s Developed in
05, 07,08 positioned 0.47 m from the ~ Phase 1 [13].
head-side

Two-seat sofa 06,11,12,13  Square-burner 19 kW (13.0 L/min) for 80s  ASTM 1537 [18]
(loveseat)
Oil pan simulating 14 Heated Approximately 60 kW Ad hoc
stove-top fire cooking oil in

oval roaster

It is acknowledged that the ignition sources listed in Table 8 are severe in comparison to realistic
igniters such as matches, cigarette lighters and candles, which are often mentioned in many fire
statistics as the major causes of residential fires. However, it is common practice in the fire
research community to use ignition sources similar to those listed in Table 8 for the benefit of
standardization and repeatability. Weaker ignition sources may affect the time to ignition; however,
it is believed that the post-ignition phase, during which the fire becomes self-sustaining, is the most
important period in studying fire behavior and hence the reason for selecting stronger ignition
sources that ensure ignition. A study on the influence of ignition sources on HRR in a furniture
calorimeter [30] compared propane burners with ignition strengths ranging from 1.7 kW to 30 kW
and found that the burning behavior of the burning items was similar regardless of the type of
burner used. As well, the repeatability was better when a stronger ignition source was used. In that
study they considered a HRR of 50 kW to be the fire size that can be detected by persons who are
not fully alert or those who are further away from the burning item or a fire detector. Therefore, the
period before sustained ignition occurs is considered to be relatively unimportant to the assessment
of burning behavior and can be accounted for by appropriately modifying the time to ignition or
attainment of the experimental HRR at ignition. The above methods have also been supported by
Babrauskas and Peacock [31] who stated that although fire deaths are mainly caused by the
inhalation of toxic gases, HRR was still the best indicator of fire hazard and that the relative toxicity
of combustion gases, and delays in the ignition time as measured by small flame tests, had been

shown to have a minor effect on the development of the fire hazard.
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5.1.2 Test Wall Sections

To evaluate the impact of the fires on realistic boundaries, Test Wall Sections (TWS), constructed
with non-load bearing wood-frame wall specimens, were installed in many of the tests. Figure 9
shows the construction details of the TWS. Each TWS was constructed with 38 mm x 89 mm wood
studs with a spacing of 400 mm o.c. between the central studs and 390 mm from the centre of each
of the central studs to the end of the outer studs, as shown in Figure 9. Therefore, the width of the
framing of each TWS was 1,180 mm and the height was 2,438 mm. TWS 01 and 03 were lined with
a single layer of regular 12.7 mm GWB on each side of the framing and TWS 02 and 04 were lined
with a single layer of 15.9 mm Type X GWB on each side of the framing. For all TWSs, the gypsum
board (GWB) was applied parallel to the wood studs with vertical joints (J1, J2, ...., J7) located as
shown in Figure 9. TWS 01 and 03 represented interior partition walls (not rated), whereas TWS 02
and 04 represented a wall assembly that would achieve a 1 h fire resistance rating in the ASTM
E119 or CAN/ULC S101 standard furnace tests [19, 20]. The photograph in Figure 10 shows how
TWS 01 and 02 were installed in an actual test setup, and Figure 11 shows a photograph of

TWS 03 and 04. One major deviation from the setup used in the standard furnace tests is that there
was cavity between the test wall sections and the exterior wall that was not vented. Although, the
TCs used to assess failure were installed under insulation pads on the unexposed side, it is likely
that they experienced a faster temperature rise due to the reduced convection and radiation heat
losses from the unexposed surface to the outside environment. Therefore, the results are not
directly comparable to those from standard E119 or CAN/ULC S101 due to the differences
explained above.
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Figure 9. Construction details of Test Wall Sections showing the fire-exposed side.

Figure 10. Photograph showing location of TWS-01 Figure 11. Photograph showing location of
and -02 in one of the tests (setup in Test PRF-04). TWS 03 and 04 in one of the tests (setup in
Test PRF-04).
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5.1.3 Fuel Loads

The furnishings were selected in Phase 1 of the project [13], to cover a range of combustible
household items identified in a residential survey [3, 4]. Details of the fuel load, such as total mass,
estimated material composition and FLED, are given in Table 9 and were explained in Part 1 of the
final project report [21]. Figures 12 and 13 are photographs illustrating the layout of the furnishings
in Tests PRF-04 and PRF-10, respectively. Where available, calorific values measured in Phase 1
were used to calculate the FLED. Fuel load quantities included combustible structural elements
(such as, OSB sub-floor and wood framing for test wall sections) that were expected to be involved
in the fire. Detailed information about the mass of individual furnishings used in each test is given in
Part 1 of the final project report [21].

Table 9. Quantity and composition of the fuel load used in the tests.

Test no. Window Estimated Material Mass Composition (%) ;\rn(;t:sl FLED HCavg
w P T TP NC Kg MJ/m?  MJ/Kg
PRF-01 VA 58.6 24 26.5 10.1 25 790.5 869.0 18.0
PRF-02 V2 60.1 23 25.5 9.7 24 809.2 910.6 18.1
PRF-03 V1 73.6 1.8 16.4 6.2 1.9 1,000.8 976.1 15.8
PRF-04 V1 62.2 2.2 23.7 9.5 2.3 7911 914.5 17.7
PRF-05 V2 59.9 3.5 19.1 141 3.3 677.8 999.3 171
PRF-06 V1 60.3 11.7 6.2 17.4 4.4 714.2 680.3 16.0
PRF-07 V5 57.7 3.7 20.1 14.9 3.5 642.8 962.6 17.4
PRF-08 V4 65.6 7.0 16.3 10.6 2.0 1,403.2 6173 16.6
PRF-09 V3 79.7 0.8 9.4 6.8 3.3 618.5 750.7 141
PRF-10 V4 89.1 4.2 0.1 5.7 0.9 1,878.5 5352 13.5
PRF-11 V1 70.1 0.0 5.7 9.9 4.3 414.6 404.9 16.4
PRF-12 V1 61.0 11.3 5.8 18.5 3.5 707.0 682.6 16.0
PRF-13 V1 61.1 11.3 5.8 18.4 3.5 710.0 685.6 16.0
PRF-14 V4 89.9 4.3 0.1 5.7 0.9 1,882.3 535.2 13.5

FLED: Fire load energy density; W: Wood P: Paper; T: Textiles; TP: Thermo-plastics; NC: Non-combustible,
eg. Metal; HC,,4: mean theoretical heat of combustion.

While every effort was made to ensure accuracy of the fuel loads in tests using the same base
configuration, it was not possible to achieve exactly the same combustible mass in each test due to
normal variations in the mass of furnishings and measurement errors. The variation in mass

between tests using the same base configuration was within 5%.
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Figure 12. Layout of furnishings in Test PRF-04 Figure 13. Layout of furnishings in Test PRF-10
showing queen-size bed assembly, clothing closet showing dining table and chairs, hardwood floor
and armoire door chest. finish and living room furniture.

5.1.4 Test Procedure

The fire was initiated on the first-ignited-item (listed in Table 8) using the appropriate ignition
method given in Table 8. The planned duration of each test was one hour from ignition. The tests
were terminated by extinguishing the fire with a water hose (and compressed air foam in one case:
Test PRF-13) after reaching one of the following criterion:

1) One hour had elapsed;
2) A safety concern had occurred: It was determined that the fire had breached the ceiling
membranes (two or three layers of GWB depending on the type of ceiling design) when:
a) A temperature of 300° C was measured in the roof joist space;
b) Ignition of the roof surface (with visible flames) was observed.

The remaining mass of unconsumed fuel load was not measured since it was mixed with a
considerable quantity of GWB that fell off the ceiling either during the test or at the time of

extinguishment.

5.2 Results

Table 10 summarizes the test results: HRR, total heat released, mean maximum room
temperatures and peak heat flux. Five tests (PRF-01, -05, -10, -13 and -14) were terminated early
due to safety concerns, usually due to the temperatures in the roof joist space exceeding 300° C.
The graphical results for all of the measurement points are given in Part 1 of the project report [21].
A detailed analysis of all of the fire tests with conclusions regarding the effect of parameters such
as: ventilation, composition of the fuel load, fire load density, room size, ignition scenario
(flammability of first-ignited item) is presented in Part 2 of the project final report [22].
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Table 10. Summary of the tests results.

TestID Peak THR T " " T Test Date Test
NV S T % Duration
(kW) (kW/m?)  (kw/m?  (°C) (min)

(°C)

PRF-01 6,752 9,912 1,061 288 315 25.0 24-Jun-2009 42
(232)

PRF-02 3,642 8,650 1,060 89 279 6.6  27-Oct-2009 64
(262)

PRF-03 6,103 9,821 1,202 251 285 -15.0 4-Feb-2010 63
(303)

PRF-04 6,014 10,225 1,129 189 298 -1.0  3-Mar-2010 61
(239)

PRF-05 3,782 7,136 1,140 262 239 19.1  31-May-2010 56
(928)

PRF-06 5,133 8,214 1,119 239 276 20.0  20-Jul-2010 60
(255)"

PRF-07 4,134 7,219 1,142 337 293 125  13-Oct-2010 64
(636)

PRF-08 9,230 14,460 1,118 203 276 -14.0 14-Dec-2010 61
(1,212)

PRF-09 2,793 5,911 1,039 200 295 6.0 23-Feb-2011 60
(841)

PRF-10 8,776 16,660 1,163 236 270 20.0 11-May-2011 45
(1,241)

PRF-11 110 28 14711 Xttt 4.4 21.0 22-June-2011 30
(47)

PRF-12 5,084 8,402 1,066 179 261 24.0 13-Sept-2011 64
(515)

PRF-13 5,474 7,750 1,084 X° 280 13.0  9-Nov-2011 44
(546)

PRF-14 9,090 12,725 1,036  224. 266 -3.0  14-Feb-2012 40
(1,337)

= "
Tmax — Mean maximum hot layer temperature (in the hottest zone) q:;f — Maximum heat flux at floor level; §,,,,,. — Maximum heat

flux on the walls and ceiling; THR — Total heat release;
T Time to reach the peak HRR (s); ™ Measured at a single point; ™ Data acquisition or instrument failure.

Stages of Fire Development

This research identified five stages of fire development, which are depicted in Figure 14 as R1 to
R5. The ventilation-limited phase was found to be composed of two distinct phases: a transitional
“‘unsteady” phase (R3) and the commonly known conventional “steady” phase (R4) [23]. The
unsteady phase immediately follows flashover.

The duration of Stage R3 was determined based on a combination of:

1. The magnitude of the HRR with respect to the theoretical ventilation-controlled HRR
value (HRRv): The measured HRR significantly exceeded the HRRv during Stage R3.
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2. Visual observations from test videos: In Stage R3, the room environment appeared to
be a sporadic mosaic of bright orange and dark turbulent flames and dense smoke that
extended out into the exhaust duct.

3. Temperature gradient: During Stage R3, the measured hot layer temperatures typically
increases from the values in the range of 500 — 700° C at flashover to values above
1,000° C, which results in a steep temperature gradient during this period. The end of
Stage R3 was determined by a qualitative examination of temperature gradient of the
temperature vs. time graphs, i.e. there was a discernible change in the temperature
gradient (from steep to gradual or flat) that was collaborated with features of the HRR
profile and video observations.

The end of Stage R4 (beginning of the decay phase) was taken to be the time when the HRR
begun to consistently decline below the HRRv value. Based on this approach, the results show that
the standard deviation of the mean hot layer temperature in Stage R4 was generally less than

100° C.

Post-flashover

A (ventilation-controlled)
R1 R2 R3 R4 R5
Incipient Growth Decay
sk | N| Sk
T 1 v €
‘ B External heat release
Ventilation
limit Bl Room heat release
M R3: Fuel-rich (poor efficiency) regime

Q Flashover B R4: Fully-developed (high efficiency) regime
©
[0)
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@©
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w Ignition
o)
=

/ /E\tinction

Figure 14. Novel portrayal of stages of fire development based on CFMRD test results.

Time

For the fuel loads used in the tests, this research hypothesises that following the flashover there
was an excessive liberation of fuel volatiles (likely due to the pyrolysis of thermoplastic fuels) from
the surfaces of exposed combustibles upon their exposure to sufficiently high radiant heat flux
(caused by hot layer temperatures higher than 500° C). This resulted in a fuel-rich combustion
atmosphere since there was insufficient oxygen (i.e. less than the stoichiometric requirement) for
efficient combustion to occur. Hence, stage R3 is thought to undergo inefficient combustion and a
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large amount of unburnt fuel volatiles left the fire room and ignited (completed burning) outside
where fresh air with sufficient oxygen was entrained into the exhaust stream. Increased production
of fuel volatiles and external combustion resulted in the peak HRR occurring immediately after the
flashover and its magnitude was significantly greater than the ventilation-controlled HRR value. The
duration of stage R3 is considered to depend on factors such as window size, heat losses to the
room boundaries (room size) and the quantity and composition of the fuel load (particularly the
thermoplastic content).

Stage R4 was considered to have occurred when most of the excess fuel volatiles from
thermoplastic combustibles had been consumed and the ventilation-regulated pyrolysis of wood-
based combustibles (the majority of the fuel load) predominated. At this stage, the fuel/air ratio
likely approached stoichiometric conditions and the flames inside the room and those flowing out of
the window were characterized by an increasingly orange colour punctuated by sporadic streaks of
dark smoke. External combustion is also believed to occur in stage R4 and it is known that the
actual heat release in the room can be less than the theoretical maximum (ventilation-limited) value

supported by the available window [24], i.e. the combustion efficiency is less than 100%.

The significance of stage R3 lies in the fact that the fire temperature during this stage will be
significantly lower than that in stage R4, Therefore, the overall severity of the fire will be less than
that in a comparable scenario (same room size and fire load) having a shorter duration of stage R3

due to a larger ventilation opening, for example.

The typical progression of the fires (from growth to decay) is shown in Figures 15 to 20.

Figure 15. Test PRF-03: Flames Figure 16. Test PRF-03: Transition Figure 17. Test PRF-03: All
flowing out of the top left corner of  to flashover — flames flowing out of combustible surfaces ignite
window (130 — 160 s). entire length of soffit. (flashover: 190 — 270 s).
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Figure 19. Test PRF-03: Stable Figure 20. Test PRF-03: Onset of
post-flashover — flames vigorously  decay phase — flames flowing out

flowing and extending out of the  with decreasing vigour (inside
window (no visibility inside room).  room becoming visible).

Figure 18. Test PRF-03: Unstable
post-flashover (no visibility inside
room).

Figure 21 shows the HRR vs. time profiles for 10 representative tests. Figure 22 shows the average
temperature profiles (average of temperatures measured at a height of 2.4 m) for the tests. The
graphs show that peak HRR values varied widely for the post-flashover fires since the HRR is a
strong function of ventilation, among other variables such as fuel load composition. The peak HRR
values obtained in this research (excluding Test PRF-11) varied from 2,793 kW to 9,230 kW (mean
of 5,847 kW and standard deviation of 2,122 kW), whereas the instantaneous peak temperatures
only varied from about 1,090°C to 1,272°C (mean of 1,190°C and standard deviation of 48°C).
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Figure 21. HRR vs. time profiles for ten representative tests.
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Figure 22. Average temperature (at 2.4 m height) versus time for ten representative tests.
5.3 Observations of Key Features of Fire Behaviour

Two important observations were made:

1. Transition to flashover: There were two patterns of fire development depending on the
size of the fire room, whether small- to medium-sized (floor area not more than 16 m?, with a
single window) or large-sized (floor area greater than 16 m? with two windows). These were
characterized by the transition to flashover, whether it was complete or partial, as observed
from outside the fire room:

a) Single flashover:

» Occurred in tests conducted in small- and medium-sized rooms (configurations B1,
B2, B3 and B4);

= Conformed to the norm that radiant heat from a hot upper layer causes flashover to
occur in the entire room when hot layer temperatures and floor-lever heat flux
thresholds of about 600°C and 20 kW/m?[5, 25], respectively, are attained.

b) Multiple flashovers:

= Occurred in large rooms (configurations B5 and B6);

» Did not conform to the pattern of single flashover; the room appeared to be split in
two halves (zones), with flashover first occurring in the zone containing the first-
ignited item (Zone 1 in Figure 23) followed by the distant zone (Zone 2 in Figure 24),

after a noticeable time delay.
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Figure 23. Multiple flashover case (Test PRF-10):  Figure 24. Multiple flashover case (Test PRF-10):
Flashover in Zone 1. Flashover in Zone 2.

2.

Zonal burning phenomenon: Tests that experienced multiple flashovers showed complex
zonal burning behaviour in the transition to stages R3 and R4, i.e. the two different zones
visible from the outside. Test data supports the notion that there were more than two zones
and each appeared to undergo different stages of combustion with Zone 2 lagging Zone 1
by an appreciable time period. Figure 25 demonstrates the phenomenon: Zone 1 was
undergoing stage R4 combustion while Zone 2 was undergoing stage R3 combustion.
Figure 26 also demonstrates zonal burning, where Zone 1 was undergoing stage R5
combustion while Zone 2 was undergoing Stage R4 combustion.
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Figure 25. Zonal burning phenomenon in Test PRF-  Figure 26. Zonal burning phenomenon in Test PRF-
10): Zone 1 undergoing Stage R4 combustion. 10: Zone 1 undergoing Stage R5 combustion.

5.4 Evaluation of Existing Methods for Calculating Post-Flashover Temperatures

The results of peak post-flashover temperature calculations and fire duration using the following
four existing methods, which are discussed in Part 2 of the project final report [22] , are compared
with test results (for Tests PRF-02 to PRF-10):

Correlation by Law [26];
Correlation by Ma et al. [27];
Correlation by Tanaka [28];
Eurocode method [29].

@ bh o=

Two of the above methods calculate a single peak temperature for the entire duration of the post-
flashover period, while the other two methods (Tanaka and Eurocode) calculate the temperature vs.
time profile. The results given in Figure 27 show that none of the methods are in good agreement
with the measured temperatures: the Eurocode method over predicts the temperatures and Law’s
method is only in good agreement with 50% of the test data while the rest of the methods
considerably under predict the measured temperatures.

As for the duration of the post-flashover period (time-to-decay), Figure 28 shows that all four
methods over-predict the onset of the decay phase by a large margin. The reason for the poor
prediction of the CFMRD test results is likely because existing methods were developed using data
from fire tests in which the fuel loads largely consisted of cellulose-based materials, such as wood-
cribs. Wood-based fuels produce less excess pyrolysis gases under oxygen-deficient conditions
(i.e. the burning rate is slower), which promotes a longer burning duration. Thermal plastic
materials, by contrast, undergo intense pyrolysis even under oxygen-deficient conditions, when are
exposed to sufficiently high thermal radiation. The excess fuel gases are simply transported outside

the room where combustion is completed, resulting in a considerably greater flame extension out of
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the window opening, higher measured HRR than the theoretical ventilation-limited value and a
shorter post-flashover duration. Another possible reason for the longer post-flashover duration
obtained for wood-crib fuel loads is because they are more rigid and may not collapse as quickly as
real furniture. Therefore, wood cribs will likely retain their geometric shape (and consequently larger
exposed surface area) for a longer period and thereby support longer post-flashover durations.
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Figure 27. Peak temperature calculations from existing methods compared with test results.
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Figure 28. Calculations of time-to-decay from existing methods compared with test results.

In the tests conducted in this research, there are two possible reasons for shorter duration of the
post-flashover phase:

1) It was observed that fuel loads (real furnishings) lost their geometric integrity during the
post-flashover phase as they collapsed into heaps, which was likely accompanied by a
drastic reduction in the available surface area and, consequently, burning rate; this
contributed to the early onset of the decay phase, and;

2) There was a significant (estimated to be up to 15%) amount of heat release that occurred
outside the fire room, especially during stage R3, during which stage the measured HRR
exceeded the ventilation-controlled HRR value. Therefore, existing methods that assume no
external heat release are expected to predict longer post-flashover fire durations. It is
noteworthy that such an assumption is a conservative scenario given the multiplicity of fuel
load, ventilation and geometric parameters in the population of real dwellings.

Further analysis of the results of temperature calculations using the Eurocode method, shows that
although it predicted the peak temperature values very well, the shape of the curves and,
particularly, the time-to-peak and rate of fire decay do not agree with the CFMRD test data, as
shown in Figure 29, for Tests PRF-03, -05 and -09.
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Figure 29. Comparison of temperature profiles from the Eurocode method and CFMRD tests.

6 Conclusions

This research developed information to quantify fire loads, combustion characteristics of
typical residential furnishings and ultimately fires in multi-suite residential dwellings as per the
objectives of the project. Starting with fire load surveys and fire experiments to establish the
combustion characteristics of typical residential furnishings, the research culminated in the
execution of 14 full-scale post-flashover room tests, development of new knowledge that enhances
the current understanding of room fires, and developed methods (summarized in Section 6.1) for
calculating fire severity parameters, such as the post-flashover temperature profile and duration. In
12 of the tests where the first-ignited-item was a PCF, such as a bed assembly or an upholstered
two-seat sofa, the fires developed rapidly and flashover occurred within 168 s on average (with a
standard deviation of 30 s). In one test, PRF-14, where the first-ignited-item was a kitchen cabinet
that was ignited by a simulated stove-top ignition source (an oval roaster containing two litres of
cooking oil), the first instance of flashover occurred at 587 s after ignition. The peak HRR values
(for post-flashover fires) obtained in this test series (excluding Test PRF-11) varied from 2,793 kW
to 9,230 kW (mean of 5,847 kW and standard deviation of 2,122 kW), whereas the instantaneous
peak temperatures only varied from about 1,090°C to 1,272°C (mean of 1,190°C and standard
deviation of 48°C).
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6.1 Main Conclusions to Address the Objectives of the Project

6.1.1 Realistic Design Fires for Multi-Suite Dwellings

A set of HRR and temperature vs. time design fire curves that were developed from the
experimental data for various residential rooms and spaces studied in this research is given in
Appendix B. In extrapolating the experimental results from this project to other scenarios that differ
from the experimental configurations, it is important to consider that the fire tests only included
movable fuel loads (contents), floor finish materials and limited structural fuel loads, namely the
sub-floor constructed with OSB. Therefore, other combustible structural fuel loads, such as wood
floor joists, wall studs, roof trusses, doors, door and window frames and decorative trims were not
included. Since the tests in this project have shown that fire-exposed single layers of either Type X
or regular gypsum board can be destroyed as early as 20 to 30 minutes from ignition, by the rapidly
developing fires in the tests conducted, it is envisaged that in reality the duration of the post-
flashover phase, and consequently high temperatures, may be extended due to the additional fuel
contributed by combustible structural elements and combustibles in any adjacent spaces to which
the fire spreads. These additional fuel loads should be taken into considered if they are expected to
be involved in the fire. The results of this research suggests there is not a single design fire that can
be applied to a whole dwelling but rather a set of design fires for various rooms in the dwelling unit.
The impact of thermal properties of room boundaries was not evaluated, therefore the results
specifically relate to rooms lined with Type X gypsum board.Although the fire tests were designed
to be realistic, it is recognized that in real buildings there is an infinite number of variations and
permutations of all of the key parameters that affect fire development, which can lead to deviations
from the experimental results found in this research. Therefore, rather than to prescribe design fires
derived in laboratory settings, which involved some limitations in order to successfully conduct the
fire tests under controlled conditions, this research has developed substantial scientific knowledge
on fuel loads, combustion behaviour of individual furnishings and fully-furnished room fires, and
proposed calculation approaches. The results of this research provide valuable knowledge about
the effect of key parameters such as window size and first ignited items on the outcome of the fire.
While the main objective of the research was to study high intensity fires that have the potential to
pose a danger to adjacent suites, the test results revealed that there was a significant variation in
fire severity within a single room due to the complexity of fire dynamics, which makes it difficult to
describe the fires using average values of key fire properties, such as temperature. Therefore, the
issue of prescribing or selecting a design fire requires additional contextual details in order to select
the appropriate combination of governing parameters, such as fuel load density and composition,
room size, ventilation settings and ignition scenario. The results from this research provide valuable

insight into the interaction of governing parameters and their impact on the outcome of the fire. The
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graphs of HRR and temperature vs. time that can be used as design fires for the five base
configurations are given in Appendix B. A comprehensive collection of graphs of all of the key

measured fire properties for the fires are provided in Part 1 of this report [21]. Summary of
Calculation Methods for Peak Temperature and Time to Peak

This section summarizes the methods that were proposed for calculating the following:

a. The time to reach the mean maximum temperature taking into consideration the effect
of ventilation, fuel composition and exposed surface area;

b. The duration of the post-flashover phase (onset of decay), and;

c. The peak temperature in the post-flashover stage R4, assuming the room was a

single well-mixed zone, which is a conservative scenario.

6.1.2.1 Duration of Stage R3 (trs)

The following correlation was developed for calculating duration of stage RS, trs, for tests
conducted with a single window. The duration of stage R3, tgs, determines the time of attainment of
the maximum average post-flashover temperature, which occurs at the end of stage R3.

tes = YO+ ax+bx’ (6.2)

where:

yo = 34.52

a=-34.39

b=9.54

__AHRR,

1500.F,

where:
A (mP) = Exposed surface area of the fuel load
Fv (m*?) = Ventilation factor
HRR,, (KW/m?) = Average peak HRR per m? for the fuel load based on Cone calorimeter test

data (conducted at a heat flux exposure of 50 kW/m?)
with the following limits (within experimental bounds):

- 10<FVs<28
- 5,000 (kW) < As.HRR,, < 9,500 (kW)
A.HRR,

- ths =Owhen ——¢
e 1500.F,

<1.5 (for very large ventilation openings)
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The correlation parameters for use in Equation (6.2) are given in Table 11. Equation (6.2) predicts
results within + 25% as shown in Figure 30 and Table 11. Given the complexity of the tests, the

A .HRR
correlation of tgs to W promises a viable simple calculation method for predicting the time
Vv

to reach the peak temperature.

Table 11. Correlation parameters and results for tgs.

Test No. Fy As HRRpa As.HRRpa tgs Calculated tgs
m>%)  (m%  (kW/m?) (kW) (min)  tgs(min)  error
(%)
PRF-02 1.84 33 2546 8,460 15.0 18.7 +25%
PRF-03 28 33 2146 7,170 4.1 3.6 -13%
PRF-04 28 33 2500 8,242 4.3 3.9 -10%
PRF-05 1.84 31 255.1 7,811 17.4 13.6 -22%
PRF-06 28 40 2365 9,532 5.1 5.9 +17%
PRF-07 28 32  231.0 7,344 2.8 35 +26%
PRF-09 1.0 24 2260 5,341 33.8 33.0 2%
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Figure 30. Comparison of calculated and measured duration of stage R3.
6.1.2.2 Peak temperature in stage R4

The mean maximum temperature and the duration of the post-flashover period (stage R4) over
which it is calculated are a key measure of fire severity. This temperature can be estimated by
solving the following equation for the unknown fire temperature, T4, using a numerical procedure,

such as Newton’s method for root solving (which converges in about three to four iterations), is:

oeA, (T, —T.)+m,c, (T, -T,)- HRR,,, (0,-0.4)=0 (6.3)

room
where:

i, - mass flow rate of hot gases out of the room;
c," specific heat capacity of hot gases;

T, - temperature of hot gases (fire temperature);
T, - temperature of ambient air;

T

" - wall surface temperature;

hg - convective heat transfer coefficient;

F - radiation view factor;
& - emissivity of fire gases;
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o - Radiation (Stefan-Boltzmann) constant.

0. = Wall loss parameter developed by Babrauskas[30] given by:

where:

L = wall thickness (m)

K = thermal conductivity of the wall linings (W/m-k)

0, =1.0-0.94exp —54(

T

j%

The mass flow rate of the hot gases out of the room is calculated from the HRRuv. In this research,

emissivity of the fire gases and combustion efficiency in stage R4 were assumed to be 0.98 and

95% (0.95), respectively. The results of peak temperature calculations for 12 of the tests in this

research are shown in Table 12. The uncertainty of the predicted results is within £ 10%, as shown

Figure 31.

Table 12. Comparison of measured and calculated temperatures.

Test No. FV  Measured' Calculated
(m5/2) T T % T.
) °0) Error “0)
PRF-02 1.84 1,060 1,151 8.5 6.6
PRF-03 2.8 1,202 1,202 0.0 -15.0
PRF-04 2.8 1,129 1,208 7.0 -1.0
PRF-05 1.84 1,140 1,184 4.0 19.1
PRF-06 2.8 1,119 1,218 9.0 20.0
PRF-07 2.8 1,142 1,205 55 12.5
PRF-08 456 1,118 1,168 4.5 -14.0
PRF-09 1.0 1,039 1,069 3.0 -6.0
PRF-10 456 1,163 1,183 8 20.0
PRF-12 2.8 1,066 1,220 14.4 24.0
PRF-04 456 1,036 1,172 -13.1 -3.0

' Mean maximum temperature in the zone with the highest temperatures.
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Figure 31. Comparison of the calculated and measured peak temperatures.

6.2 Additional Conclusions

The following are the additional conclusions:

1.

Tests in primary bedroom configurations resulted in the shortest duration to the test wall
sections reaching 200°C on unexposed surface since they contained the largest fuel loads
and floor area.

The ceiling generally experienced a significantly greater thermal exposure compared to the
walls due to direct flame impingement (likely causing higher convective heat transfer
coefficients) and temperature stratification due to buoyancy (higher temperatures in the top
half of the room).

The research identified a post-flashover phase of the fire (Stage R3), which had a significant
effect on initial room temperatures and, consequently, the destructive impact of a room fire.
The peak HRR occurred during Stage R3 and significantly exceeded the ventilation-
controlled value by as much as 45% in one case. Stage RS is thought to be largely caused
by inefficient combustion resulting from the excessive amount of fuel volatiles generated
after flashover and is an inevitable consequence of the composition of fuel loads in a
modern dwellings as determined in this research.

There were two patterns of flashover, single flashover and multiple flashovers, depending

on the size of the fire room. Small- to medium-sized rooms (floor area not more than
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16.0 m?, with a single window) experienced a single flashover, whereas large rooms
(e.g. main floor with an area greater than 16 m® with more than one window) experience
multiple flashovers as defined in this research.

5. The non-uniformity of the combustion environment increased with room size. This was
identified as a zonal burning phenomenon associated with combustion of real fuel loads in a
room with windows located at the front of the room. Areas near the windows experienced
higher temperature conditions than those that were further away.

6. A larger window size caused more severe temperature conditions than a smaller window
size based on the impact of the fires on test wall sections. This research demonstrates that
the main reason for this outcome was that the time to reach the mean maximum
temperature increased with reducing ventilation, which resulted in a short steady fully-
developed phase (Stage R4).

7. A number of existing correlations were evaluated against the test data (discussed in Part 2
of the project final report [22]) and the results were as follows:

a. t-squared fire growth approximation: The growth phase of residential room fires can
be modelled using existing t-squared fires up to the ventilation limit, using the
parameter provided in Part 2 of the project final report [22];

b. Correlations for flashover: Babrauskas’s correlation [31] gave the best overall
predictions;

c. Correlation for calculating the ventilation limited HRR (given in Table 6) predicted the
measured average HRR in stage R4 with good accuracy for a room with a single
window. For rooms with multiple windows, it was difficult to assess accuracy due to
the complexity of the HRR profiles.

d. Correlations for post-flashover temperatures: All of the four existing methods that
were gave poor predictions of the measured mean maximum temperatures.
However, one method (Law’s correlation) gave good predictions for 50% of the test
data. None of the methods was able to predict the temperature vs. time profiles of
the tests.

e. Correlations for post-flashover fire duration: All existing correlations significantly
over-predicted the duration of the post flashover phase since many of the methods
do not take account of external combustion and collapse of furnishings, which this
research suggests contributes to the shorter post-flashover durations in the tests.

9. Regardless of the fire scenario, all the tests had a mean maximum temperature that was
within 1,150°C + 100°C. However, the main difference between the tests, due to various
parameters, such as ventilation and fuel load configuration, was the time taken to reach the
peak temperature (stage R4) and its duration.
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10. The experimentally measured HRR vs. time profile during the fully-developed fire is not
appropriate for use in calculating the fire temperature in the room because it includes a
significant proportion of external heat release that has essentially no effect on room
temperature in a heat balance approach.

11. From the test results, the maximum fraction of the fuel load that was consumed during the
fully-developed phase ranged from approximately 43% to 60%. Therefore a conservative
estimate of the duration of the post-flashover phase for room fires involving residential
combustible contents can be obtained using the following commonly used expression with a
value of X1 of 0.6:

FL . X1
'™ =50 Fv (65
where:
trp = Duration of the fully-developed phase (min)
FL = total fuel load (MJ)

X1 = Fraction of FL consumed at decay (during the fully-developed phase)

FV = Ventilation factor = 4, .\/H, (m*?)

6.3 Scope for Future Research and Application of the Results
Conducting an experimental project of this magnitude, in an indoor test facility, required a number
of design choices (pertaining to the construction of the test rooms) to be made, which resulted in

some deviations from realistic construction, such as:

1. The fires began with an open window and the breakage of window panes was not
considered;

2. The test rooms were constructed with enhanced fire resistance to withstand the intensity of
fully-developed fires for one hour, as described in Part 1 of the Report.

3. Since the focus of this research was the examination of compartment fire development in
multi-family dwelling units, choices related to the construction of floors, walls and ceilings
were made to try to provide boundary conditions similar to those found in such dwelling
units, while still providing enhanced fire resistance.

Due to time and funding limitations, the scope of the project did not include other types of dwellings,
such as high rise apartments and single-family dwellings, which are similarly lacking realistic design
fires. However, the results from this research will help to substantially reduce the effort required to

characterize fires in high rise apartments and single-family dwellings since they contain the same
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furnishings as those used in this research. A future phase of the project could consider the

following:

1. Experimental or analytical study of the impact of variables (items 1 to 3 listed above) that
were not considered in this phase of the project, such as breakage of windows and actual
fire development and spread in real dwellings.

2. Application, extrapolation (through modelling studies) and validation of the results from this
research to other types of building configurations such as high rise apartments and single
family homes.

3. Further improvements to the methods for predicting room fire temperature in all zones of the
room. The methods currently developed in this research address the most severe
temperature conditions. However, it is recognized that the ability to predict temperatures in
all areas of a room would be valuable in performance-based design approaches, where for
example, the ability to predict the location of low temperature zones can lead to cost
effective design choices (e.g. location of a fire door of a certain rating) since the fire
resistance requirements need not be as high as for those zones near windows, which
experience the most severe temperature conditions.

4. Derivation of design temperature-time curves the can be used to reproduce the severity of
real fires in standard propane-fired furnaces as an economic way of assessing the fire
performance of assemblies subjected to real fires.

5. Further experimental investigation to better develop a quantitative understanding of the

phenomena of multi-flashovers and zonal burning, which were identified in this research.

6.4 Reference Publications

The work conducted in Phase 2 of the project is documented in the following publications:

1. Bwalya, A.C., Gibbs, E., Lougheed, G.D., and Kashef, A. 2012. “Characterization of Fires in Multi-
Suite Residential Dwellings: Final Project Report. Part 1 - A Compilation of Post-Flashover Room
Fire Test Data", National Research Council Canada, Construction Portfolio, Report in Progress,
Ottawa, Canada.

2. Bwalya, A.C., Gibbs, E., Lougheed, G.D., and Kashef, A. 2012. “Characterization of Fires in Multi-
Suite Residential Dwellings: Final Project Report. Part 2 - Analysis of the Results of Post-Flashover
Room Fire Tests", National Research Council Canada, Construction Portfolio, Report in Progress,

Ottawa, Canada.
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7 Data Base of Experimental Results

A web-based Experimental fire data management application (the CFMRD database
application) was developed for the management of experimental data generated in the CFMRD

project. The CFMRD database application performs three main functions:

a) Processes the raw experimental data;

b) Stores the raw and processed results, test photographs and videos, and other related
documents in an Oracle database, and;

c) Permits users to navigate through the database by using an internet browser. Users are
able to view photographs, videos and graphs of the test results through specially designed

web pages.

7.1 Organization of the CFMRD Experimental Database

A well organized method for documenting and recording experiments in the CFMRD was
implemented using the Microsoft Excel spreadsheet software. Figure 32 illustrates the organization
of various pieces of information in the CFMRD project. A Microsoft Excel workbook was created for
every experiment that was conducted. Photographs, videos and instrumentation drawings were
stored on a computer hard disk drive in systematic folder structure. The workbook was designed so
that it contained all of the information required to describe an experiment and process the raw data
using the CFMRD database application’s computer algorithms. The Excel workbook contained

three worksheets described as follows:

1. Test sheet: Description of the experimental setup, test facility and other pertinent
information such as, test specimens, notes and atmospheric conditions.

2. Instrumentation plan: A list of all types of instruments used in the experiments and the
channel numbers assigned to them on the data acquisition system. The instrument plan
also contains all the instrument-specific parameters and calibration information required
to process the raw data.

3. Raw data: Unprocessed data obtained directly from the data acquisition system. The
structure of the data corresponded with the channel allocation provided in the

instrumentation plan worksheet.

46 NIC-CN\RC



Microsoft Excel

Workbook
Worksheets
Test Sheet Instrumentation plan Raw data
Photographs Drawings:
Vidge(;.sp - Test facility
- Instrumentation
CFMRD Database Internet

Application Browser

Figure 32. Organization of the CFMRD Experimental Data.

7.2 System Architecture

The architecture that was adopted for managing CFMRD projects utilized a standard three-tier web-
based architecture, including a database layer, a business logic layer and a web presentation layer
(Figure 33). The development was divided into two major parts:
1. Website development with pre-populated example test data in Oracle database (shown in
blue color).
2. Data preparation modules (shown in cream color) to upload tests and calculate test results

data from the Excel sheets. The fundamental development technologies comprised of the
Java EE 6 platform.
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Figure 33. System architecture.

7.3 Appearance and Capabilities of the CFMRD Database Application

Figures 34 to 37 show the key features and appearance of the database application:

- Figure 34 - Summary page:

O

O

List of tests with summary results (peak HRR, temperature and HR);
Test particulars;

Test Photographs;

Link to relevant publications;
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- Figure 35 — Detailed results page:
o Expandable processed data folder structure;
o Two independently controlled graphs with ability to plot single and multiple data
nodes as well as predetermined data groups such as TC trees;
=  Supports multiple Y-axes and export of graph data.
o Access to test design schematics to aid data navigation, and;
o Playback of test videos (Figure 36).
- Figure 37 — Multi-Test results page:
o Compare results for up to eight tests in two independently controlled graphs.

National Research Conseil national
Council Canada  de recherches Canada
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eelEb Rl Type: Fully-Developed Room Fire
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4 i ] v
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] 542513 Raom Test Polyurethane slab - 12x 6x 2 m 526.47 @ 41— T pobiications
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Figure 34. Entry page showing a list of tests in the database with a summary of some of the key results, such
as peak HRR and temperatures. Test particulars and photographs of the selected can be viewed pop-up
windows.
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Figure 36. Detailed results pages showing in-browser video play back from the streaming media server.
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Figure 37. Multi-test results page, showing the feature to plot data from a number of tests on the same graph.
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Appendix B: HRR and Temperature vs. Time Design Fire Curves

The following notations and definitions will are used in the graphs:
a. Tg ava: Average upper layer temperature in the room that is obtained by taking the
average of TCs in all four quadrants of the room that were located at elevations of
1.4 m and 2.4 m above floor (considered to be the hot layer).
b. Tr max: Average upper layer temperature in the quadrant of the room where
maximum temperatures were measured that is obtained by taking the average of the
TCs located at elevations of 1.4 m and 2.4 m above floor.
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Figure B - 1. HRR vs. time graph for Test PRF-03.
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Figure B - 2. Room average (Tr ave) and maximum (Tr_max) temperature profiles for
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Test PRF-03.
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Figure B - 4. Room average (Tgr ave) and maximum (Tg max) temperature profiles for

B.2 Base Configuration B2 — Secondary Bedroom with Window # V2
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Figure B - 5. HRR vs. time graph for Test PRF-05.
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Figure B - 6. Room average (TR_AVG) and maximum (TR_max) temperature profiles for

Test PRF-05.

B.4 Base Configuration B2 — Secondary Bedroom #2 with Window # V5
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Figure B - 7. HRR vs. time graph for Test PRF-07.
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Figure B - 8. Room average (TR_AVG) and maximum (TR_max) temperature profiles for
Test PRF-07.

B.3 Base Configuration B4 — Living Room
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Figure B - 9. HRR vs. time graph for Test PRF-06.
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Figure B - 10. Room average (TR_AVG) and maximum (TR_max) temperature profiles for
Test PRF-06.

A.6 Base Configuration B5 — Secondary Suite
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Figure B - 11. HRR vs. time graph for Test PRF-08.
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Figure B - 12. Bedroom room average (TR_AVG) and maximum (TR_max) temperature profiles for
Test PRF-08.

A.7 Base Configuration B6 — Main Floor
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Figure B - 13. HRR vs. time graph for Test PRF-10.
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Figure B - 14. Average room temperature (TR_AVG) and maximum (TR_max) temperature profiles
for Test PRF-10.
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Figure B - 15. HRR vs. time graph for Test PRF-14.
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Figure B - 16. Average room temperature (TR_AVG) and maximum (TR_max) temperature profiles
for Test PRF-14.
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