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Abstract

Fire whirls (FWs) are swirling diffusion flames with significantly enhanced burning rates,
flame heights, and flame temperatures. The swirling motion combined with a more intense
flame poses a greater hazard than a normal diffusion flame. Therefore, a deeper
understanding of FW dynamics for various fuels will help to identify and mitigate
additional fire risks. In this work, experiments were conducted to study the dynamics of
propane gas and wooden crib FWs in a square-based, fixed-frame apparatus. Simulations
were performed using Fire Dynamics Simulator (FDS) for propane gas FWs to study the
impact of additional parameters and analyze the predictability of FW dynamics under
various conditions.

Measurements of flame heights and temperature profiles were made with a low initial
momentum propane burner using a variety of burner sizes and heat release rates (HRRs)
under both FW and free burning (FB) conditions. The burner diameter and number of inlets
on the apparatus did not significantly affect the flame stability, height, and temperature of
FWs. Conversely, increasing HRR significantly increased flame height and temperature of
FWs relative to FB conditions. Flame heights from FW and FB experiments were
correlated using the equation proposed by Heskestad with a different fitting constant. The
hood configuration, width of inlets, and height of walls on the apparatus strongly affected
flame stability, height, and temperature. FDS predictions were generally in good agreement
with the experimental data, but accuracy of FW simulations was found to depend strongly
on grid resolution.

Both FB and FW experiments were also conducted using three square-based wooden crib
sizes with side lengths of 76.2, 152.6, and 228.6 mm, 6.35, 12.7, and 19.1 mm cross-section
sticks, respectively, and six sticks per layer (giving heights of 38.1, 76.2, and 114.3 mm).
All crib sizes were tested with n = 3—7 sticks per layer. Compared to FB conditions, FWs
produced a less luminous and cleaner burning flame. As 7 increased, the burning rate for
the 152.6 and 228.6 mm FW tests increased from 1.0 to 1.84 and 1.16 to 1.47 times that of
the FB cribs for the same geometric configuration. The FW flame heights for the 152.6 and
228.6 mm cribs were 1.02 to 1.4 times greater than for FB conditions.
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Chapter 1: Introduction

1.1. Background

Fire whirls (FWs) are unique physical phenomena often associated with mass destruction
and fatalities. They are an astonishing example of the destructive nature of fire behaviour
with spinning diffusion flames, sudden formation, and erratic movement. They range in
size from 0.5 m to 300 m in diameter with heights of over 500 m for some FWs that develop
during wildland and forest fires. Fire tornadoes, fire whirls, swirling fires, and firenadoes
are all terms used to define the spiral formation of a buoyancy-driven, swirling diffusion

flame (Graham, 1955).

With the current climate conditions, the occurrence of wildfires have significantly
increased across Canada and the United States, resulting in the need for more research in
the field of fire safety engineering. In 2016, in St. Albert, Alberta a bush fire turned into a
FW. It was traveling so quickly that one of the firefighters had to jump into the lake to
escape from the heat (CBC News, 2016a). In Southern California, USA, in August 2016
fire whirls forced 82 000 people to flee the area. By the end of the day, it was a 7 300 Ha
(73 km?) monster and destroyed hundreds of homes (CBC News, 2016b). In 2018, the
Guardian News (CNN, 2018) reported firefighters in British Columbia lost their hose as
they were trying to extinguish a FW. In another instance in 2018, a FW in Northern
California killed eight people and destroyed over 1 500 structures (The Guardian, 2018).
More recent FW sightings were in July and August 2021, in Northern, California (Los

Angeles Time, 2021). Two such naturally occurring fire whirls are shown in Fig. 1-1.



.
(a) (b)

Figure 1-1:  Naturally occurring fire whirls in (a) Alberta, Canada (CBC News, 2016a),
and (b) California, USA (CBC News, 2016b).

Although there has been a substantial increase in the number of studies investigating FW
dynamics over the past decade, there remains a lack of general analysis methods and many
unexplained phenomena. Indeed, in a recent paper, Baukal (2018) discussed the possibility
of fire whirls as a natural phenomenon to explain the biblical story of the pillar of fire that
led the Israelites out of the wilderness and into the promised land. Studies have shown that
the formation of FWs requires a source of ambient vorticity. FWs are standing vortex

structures which make them unpredictable and dangerous.

Since it is difficult to study FWs spontaneously formed in wildland or urban fires, they
have been studied using a variety of small-to-medium-scale experimental facilities. With
laboratory-scale experiments there are two geometrical configurations often used to
generate a fire whirl. They are open configurations and enclosed configurations. With open
configurations, strategically placed fires in cross-flow are used to induce a FW. With
enclosed configurations, air is either entrained tangentially into the enclosure by the
buoyant diffusion flame, or circulation is imposed on a buoyant diffusion flame.

Tohidi et al. (2018), in a recent review discussed their fluid dynamics, conditions for their



formation, and the structure of fire whirls and describe in detail both open and enclosed

configurations.

Most studies have investigated the dynamics of gas-fueled and liquid pool FWs using fire
whirl generators (FWGs), where swirling is mechanically induced through a rotating screen
or naturally induced by tangential entrainment of air into the buoyant fire plume (e.g., split
cylinders, fixed frame, efc.). A comparison between a laboratory-scale free burning (FB)
propane fire and a FW from a 3 inch diameter sand-packed burner at a heat release rate

(HRR) of 11.1 kW is shown in Fig. 1-2.

(a) (b)
Figure 1-2:  Comparison of (a) FB and (b) FW propane flames for gas burner of 3 inch
diameter and HRR of 11.1 kW.

Kuwana et al. (2008) showed that when FWs formed, they can be ten times more harmful

than normal FB fires, thus making them a major safety concern. Guo et al. (2013) analyzed



the effect of inlet gap size on liquid-fueled FW stability. Lei et al. (2015) used a fixed-
frame apparatus to investigate the effect of heat release rate on propane-fueled FWs. Lei et
al. (2016) further explored the impact of system type and configuration on stability for both
gas and liquid-fueled FWs. Two years later, Lei ef al. (2017a) performed experiments to
analyze the impact of apparatus configuration and operating conditions on flame
precession. Yu et al. (2013) conducted a series of experiments to examine the effect of inlet
gap size on liquid-fueled FW stability. Chow and Han (2011) used experiments while Yuen
et al. (2018) used numerical simulations to examine the impact of air inlet asymmetry on
fire dynamics. Along with many other studies, these investigations have shown that the
type and configuration of the apparatus, as well as the fuel and heat release rates, have a
strong impact on the dynamics and stability of the fire whirls. Although many studies have
been performed, the impact of air inlet asymmetry on FW stability has only been
investigated in a few studies. Past research has identified that FWs pose a significant hazard
in wildland fires, commercial and residential building fires, and industrial facility fires due
to increased flow velocities, flame heights and temperatures, heat radiation effects, and

burning rates.

The FWs studied in this work are all considered to be small to medium scale. Small-scale
FWs are 0.1-1 m tall. Medium-scale FWs are 1-10 m tall, and large-scale FWs are 10—

100 m tall (Snegirev et al., 2004).

1.2. Objectives

The overall objectives of this research were to develop a better understanding of fire whirl

formation and propagation and to develop better models for the prediction of their



behaviour. To address these challenges, a comprehensive review of the literature on FWs
was undertaken, identifying gaps in knowledge, evaluating different models, and
compiling a “roadmap” of the most promising models that may be used and under which
conditions. Currently, the most promising models rely on computational fluid dynamics
(CFD) methods because these methods are based on a theoretical framework that can
potentially resolve the complex fluid dynamics involved. Therefore, the focus in the review
is on identifying gaps that must be filled to enable the selection and development of sub-

models for comprehensive CFD-based modelling of FWs.

To perform a comprehensive validation of predictive models, it was necessary to conduct
experiments at different scales, with a range of chamber configurations, and over a broad
range of conditions. A fixed-frame facility was constructed with adjustable walls, allowing
the number of inlets and gap widths to be changed. This permitted experimentation on fire
whirl formation and behaviour. Experiments were conducted using gas flames (propane),
since they are less complex than cribs to analyze using a variety of burner sizes and HRRs.
Further experiments were done using solid fuel wooden “crib” structures to investigate the
impact of fire whirls on fire spread rates. Three different crib sizes with various packing

densities were used to develop scaling parameters.

Finally, the experimental data was used for the validation of model predictions. Although
there are a variety of open-source and commercial software packages that can be used for
fire simulation, Fire Dynamics Simulator (FDS) has been chosen because it is commonly
used by other researchers, it is open-source and freely available, and it is commonly used

and industry accepted for analysis by practicing fire protection engineers.



1.3. Thesis Organization

In this work, both FB fires and FWs were investigated using gaseous (propane) and solid
(wooden cribs) fuels. Flame heights and temperature profiles of propane FB and FW were
measured using a variety of burner sizes, apparatus configurations, and heat release rates.
For the wooden cribs, spread rates and burning rates were also determined. A general
literature review on fire whirls discussing dimensional parameters, flame height
correlations, and the type of FWG is presented in Chapter 2. The experimental set-up for
both gaseous and solid FB and FW experiments is discussed Chapter 3. The numerical set-
up, including the geometry and mesh dependence, is presented in Chapter 4. The FB gas
data is discussed in Chapter 5, and it is compared with other research from the literature
using flame height correlations. The FW data is analyzed in detail to determine which
parameters affect the formation and stability. The dimensional analysis used for the FB
flames was then used on the FW data. The results from Chapter 5 were used to examine
the crib fires in Chapter 6, (i.e., number of inlets, gap size, and chamber configuration).
The FB data for cribs is presented in Chapter 6, and it is compared with other research from
the literature. Furthermore, the correlations used by previous researchers were applied to
the data, and an improved correlation was proposed. The FW data from the cribs were then
investigated using dimensional and non-dimensional correlations as well as an analysis on
the comparison of FB and FW cribs. Conclusions and recommendations for future work

are presented in Chapter 7.



1.4. Significance

The spinning behaviour that makes fire whirls fascinating to observe also makes them
highly unpredictable and dangerous. These types of fires do not only occur in wildfires,
but similar phenomena can also occur in partially enclosed spaces (eg., buildings, container
ships) making their understanding even more critical. In either case, the formation of fire
whirls can greatly increase the spreading rate and decrease the predictability of wildfires,
residential and commercial building fires, and industrial fires. As the climate warms,
wildfires are becoming more intense and common. Therefore, FWs are also becoming more
common and have been linked to spot fires. These spot fires can form multiple small fires
ahead of the advancing fire front, the configuration of which can lead to the formation of
FWs in different locations. Fire whirls pose increased risks to both public and private
property, as well as commercial and industrial facilities and public safety. It is therefore

important to understand their behaviour.

Additional research into the mechanisms governing flame height, burning rates, fire spread
rates, and temperature profiles for gas-, liquid-, and solid-fuel fire whirls is ongoing. Many
researchers are investigating pool and gas FWs, but minimal work is being undertaken with
wooden structure FWs. As FWs form in forest fires, they are often started from wood and
debris and a lot of similarity exists between natural FWs and those generated in the lab.
This thesis contributes to research of solid fuel FWs as well as highlights the importance
of developing and validating a computational fluid dynamics (CFD) model for FWs. To
date, many numerical simulations have been completed with most of them using liquid or

gaseous fuels. However, there is still a lack of consensus as to which parameters work best



for FW modelling. The validated numerical simulations can be modified and used for large-
scale fire spread predictions. Based on the current theoretical models, it was found that
they are not always applied correctly to the experimental data, thus proving the importance
of having a range of laboratory experiments to assist in explaining and validating fire whirl

behavior.

Another importance of this work is highlighting the differences between a free burning and
fire whirl flame, which can be help advise fire practitioners. Currently there is no specific
training on how to deal with fire whirls and safe practices need to be taught so if a FW

occurs the fire practitioner can deal with it differently than they would for a FB fire.

The findings of this research project are critical for validating existing comprehensive fire
modelling tools and to advise fire safety practitioners on the risks of FWs. This will help

to formulate proper emergency measures for cases when a fire whirl is absent or present.



Chapter 2: Literature Review

2.1. Dimensional Analysis of Fire Whirls

Many numerical models have been developed during the past decade to predict fire
behaviour, but their validation for large-scale fires is difficult due to the lack of
experimental data. Dimensional analysis is a very important tool in fire research as it aids
in developing simplifications for many phenomena such as HRR, flame heights, radiative
heat transfer, and velocity profiles. Without its application it would be difficult to link
small-scale experimental measurements and with large-scale fires. Tohidi et al. (2018)
applied the Buckingham-IT theorem to develop thirteen non-dimensional groups, shown in
Table 2-1. These non-dimensional groups provide a powerful technique that can help

develop empirical correlations for fire whirls.



Table 2-1:

Dimensionless groups relating to fire whirls.

Dimensionless group

Physical significance

I

U,

g

U, is the axial velocity and H is the flame height.
Represents the Froude number and plays a role of
buoyancy in the flame formation.

p and p are the density and dynamic viscosity of the gas. I'
is the circulation. Represents the vortex core due to the
azimuthal velocity (swirling behavior).

Ly, is the diameter of the fire whirl or the gap spacing size.

Dimensionless flame height.

Ratio of the fuel flow rate to advection rate. Momentum

buoyancy. Can be set to a constant value for a gas burner.

Represents circulation based on spacing and velocity.
Swirl number.

If multiplied by IT; represents the Q*parameter.
Dimensionless fire power.

Represents the Prandtl number. k is the thermal
conductivity of the gas.

Pressure gradient. Assumed to be uniform for the ambient
fluid.

Tempurature gradient. Assumed to be uniform for the
ambient fluid.

p is the coefficient of thermal expansion of the gas.
Multiplying by ITio gives the Grashof number.

Radial velocity U, over axial velocity. Represents the
swirling behavior.

Ds is the molecular diffusion coefficient of species.
Represents the Peclet number. Average velocity of the fuel

vaporizing.
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Conducting a dimensional analysis on FB fires, Heskestad’s correlation for propane fires

can be simplified as follows:

H = f(V,D,upoy) (2-1)
where the flame height, H is a function of volumetric flow rate, V, diameter of the burner,
D, and buoyant velocity, uy,,. Applying the Buckingham-IT theorem to these variables
leads to the following non-dimensional groups:

Iy =5 I = v
where Uy, = \/g_H , which leads to

@ (2-2)

|4

H
D
As heat from the flame draws air upwards, the air gaps induce the fire whirl by natural

convection causing the flame to rotate and increase in height. Conducting a dimensional

analysis on FWs, Heskestad’s correlation for propane fires can be modified as follows:

H = f(V,D, upoy, ) (2-3)
where s is the gap width. Applying the Buckingham-IT theorem to these variables leads to
the following non-dimensional groups:

2
D*uyy

S
H]_: H2: 1% D

Ol =

Combing I1; /I1; leads to the following expression:

2
gH_D (2-4)
s v

I
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Hartl and Smits (2016) studied FWs generated with split cylinders around a Méker burner
using dimethyl ether (DME) as the fuel. They proposed that the flame height was a function
of the gap size between two offset cylinder halves placed around the fuel source. The gap
size, s and the HRR, Q, could be changed independently. Their dimensionless groups were
based on three different diameters: D,, the diameter of the FW, D, the diameter of the
cylinder, and D, the diameter of the burner. They investigated the dependence of these
parameters on the flame height, with the following nondimensional groups:

Ap AT gD, D,

H*: S*I *'_1_;—;_ -
AR s o N 2-5)
where H* = H/D,,, C, is the specific heat of the air at ambient temperature, AT and Ap are

the changes in temperature and density at the flame front, T, and p, are the ambient air
temperature and density, Q* = Q/cpp,AT D2./gD,, and S* = §/D,. They assumed that

the circulation was independent of height, leading to the following equation:

H" = £(5%Q) (2-6)

The formation of a fire whirl requires three conditions: (1) a generating eddy; (2) a fluid
sink within the eddy; and (3) friction or drag of air at the ground boundary of the eddy
(Bryam & Martin, 1970). The hot gas generated by the fire serves as the fluid sink, which
entrains ambient air into the flame with angular momentum from the generating eddy. The
equation of motion for a Newtonian fluid with varying density and viscosity can be stated

as follows:

12



a s [ S—
a(pu) =—  V-(pu-u) - vP

—_— ——
Rate of momentum gain Pressure forces

Rate of increase . on an element
of momentum by advection (2-7)
- V " [7?] + :F'B
—— . —
Rate of momentum gain Body forces
by viscous transport on an element

where [] is the stress tensor arising from the viscous forces that can include turbulent
components if time-averaged mean flow is being considered, and P is the static pressure,
i.e., the difference between the total pressure and the hydrostatic pressure in a quiescent air

flow.

Vorticity @ is a vector field which gives a local measure of the instantaneous rotation of a
fluid. In other words, it is a measure of the spin about an axis and is defined mathematically

as the curl of the velocity.
@=Vxi (2-8)
The vorticity equation, which governs the evolution of vorticity in the flow, is obtained by

applying the definition of vorticity from Eq. (2-7) and taking the curl of the equation of

motion, Eq. (2-8), divided by density (Snegirev et al., 2004; Forthofer & Goodrick, 2011;

Tohidi et al., 2018):
2t @ne
3t u-Vw

Rate of vorticity
Rate of change transport by advection
of vorticity

(2.9)
V- [f]

— — — — 1

= —a)(V-u)+(a)-V)u—V—><VP—V><<
Tilting or Stretching or p
Dilation Compression

1

Baroclinic torque Vorticity generation Vorticity changes
by viscous shear through body forces

The left-hand-side of Eq. (2-9), i.e., the substantial derivative Dw/Dt, accounts for the

temporal (i.e.,, the time rate of change of vorticity at a point) and spatial transport of

13



vorticity by advection as a result of air flow throughout the domain. Thus, vorticity

generated in one location can influence the conditions at another location.

Each of the terms on the right-hand-side of Eq. (2-9) represent the various sources by which
vorticity is changed, generated, or dissipated. The first term w(V - @) describes the tilting,
or dilation, of vorticity as a result of velocity gradients (i.e., the transformation of
horizontal vorticity into vertical vorticity and vice versa, as shown in Fig. 2-1(a)). The
second term (@ - V) U represents the effects of expansion on the vorticity field and describes
how flow convergence, stretches vortices thereby increasing the magnitude of vorticity in
the direction of stretching shown in Fig. 2-1(b), or, conversely, how flow compresses
vortices thereby decreasing the magnitude of vorticity in the direction of compression.
Indeed, vortex stretching is the mechanism by which turbulent kinetic energy is transferred
from the larger to the smaller length scales. In a fire, heat release causes large changes in
density, leading to high expansion rates in which case V - i is positive, and because of the
negative sign in front of this term, expansion will decrease the magnitude of the vorticity.
These first two terms, tilting/dilation and stretching/compression, do not generate new

vorticity; they only redistribute vorticity that has already been generated in the flow.

14
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(a) Example of tilting—i.e., the transformation of horizontal vorticity into vertical
vorticity and vice versa.

(b) Example of vortex stretching—i.e., the effects of expansion on the vorticity field.

Figure 2-1:  Tilting (a) and stretching (b) of a propane fire whirl with D = 102.3 mm
and HRR = 5.6 kW; frames taken 5 s apart.

The third term V% X VP, referred to as the solenoidal or baroclinic torque, represents

vorticity generated from unequal acceleration when the pressure and density gradients are
not parallel. In a fire, there is a horizontal temperature gradient caused by rapid heat release,
and this temperature gradient is not aligned with the vertical pressure gradient. It is the
resulting misalignment of these two gradients that causes rotational motion leading to

mixing of cold and hot fluid in order to restore balance. The fourth term V X (VTH)

represents the generation of vorticity through viscous shear stress and accounts for the
effects of viscous diffusion on the distribution of vorticity. Viscous stress causes vorticity
in the flow to diffuse in space. The last term in Eq. (2-9), %V X Fpg, accounts for changes
in vorticity due to external body forces acting on a fluid element, such as gravity, electric,
or magnetic fields. In the absence of any external body forces other than gravity, the only
body force is due to buoyancy, in which case Fz = (p — po/p)g, and the last term in Eq.

(2-9) can be written as V% X g where p, is a reference density.
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2.2. Flame Height

Many researchers have developed flame height correlations for free burning (buoyant) fires
using a wide variety of fuels (gaseous and liquid) and different burner diameters. Thomas
(1960) has derived the following expression using a simple dimensional analysis for a
buoyant diffusion flame resulting from a single-fuel system issuing from an orifice of

diameter D with low initial momentum:

H _(u®) V2 510
54 (55) = ) e

in which H is the visible flame height, g is the gravitational acceleration, u is the velocity
at the orifice, and V is the volumetric fuel flow rate. The fuel flow rate is not only a measure
of the amount of fuel but also the amount of air required for combustion. Furthermore,

V /D? represents both the velocity and the momentum of the flow.

Steward [1970] proposed the following flame height correlation:

H 2-11
= Neo (2-11)

where N, is the dimensionless group given as

Q*(r + w/p;)?

N,, = 2-12
“ p2AHZgD>(1 - w)® (&-12)

where Q is the HRR, AH. is the heat of combustion of the fuel, » is the stoichiometric air
to fuel ratio, w is the inverse volumetric expansion ratio, p, is the density of the fuel at

ambient condition, p, is the density of the ambient air, and D is the radius of the jet flame.
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Heskestad [1983] originally proposed the following correlation:

H/D = —1.02 + 15.6N°%2 107 < N < 10° (2-13)
where N is a dimensionless parameter, which is given by

N2
CPoo TOO . Qchem

N =
gp%(AH /y)®  D®

in which cp_ is the specific heat, T, the ambient temperature, po, is the density of the air,

Qchem is the theoretical HRR assuming complete combustion, AH, is the LHV of the fuel,

and yis the mass stoichiometric ratio of air to volatiles. Setting

A=15 6[ o e ]0'2 (2-14)
7 lgpa (aH, /)P
hence Eq. (2-13) can be written as
H/D = —1.02 + AQ%* . (2-15)
where for many fuels 4 = 0.235 mkW-04,
The HRR is (kW) is given by
Qchem = QOOV(AHC/Y) (2'16)
Rearranging Eq. (2-16) gives
V= Qchem/poo (AH./y) (2-17)

Now substituting for V2 from Eq. (2-17) into the second Pi group on the RHS of Eq. (1)

results in!

! This was derived by Heskestad and is given as Eq. (13.4) in the SFPE Handbook, 5% ed., p 400.
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Vz = 1 Qc%hem _
<995> B [gpé(AHc/yP] ps - N (2-18)

Heskestad defined a dimensionless Froude number as

Q* = Qchem/(mePmeDz\/g_D) (2-19)

Eq. (2-19) can be rearranged as

. 2
chhem = (pooCPoo TOO) DS (Q*)z (2'20)
Now substituting for Q2,,,, from Eq. (2-20) into Eq. (2-18) gives the relationship between

N and Q* as

3

| - 02iem (2-21)

[CPOOTOO
~ lAH, /y

According to Heskestad (1998), the parameter Q* does not account correctly for the
observed variations in flame height (increasing flame height with increasing ambient
temperature), while the parameter N does; for this reason, N is considered the more

appropriate scaling parameter.

However, the recommended flame height correlation given in the SFPE Handbook
(Heskestad, 2016) is the Heskestad’s correlation (Heskestad, 1963) in the form given by
McCaffrey (1995). He correlated flame heights from buoyant diffusion pool fire flames

using the following:

H/D = —1.02 4+ 3.70*** (2-22)

where D is the equivalent diameter of the fuel source. The dimensionless form of the heat

release rate Q* can be evaluated by the following equation in terms of Q (W = kg m? s?),

18



density of ambient air p,, (kg m™), specific heat capacity ¢, (kJkg' K™), ambient
temperature T,, (K), gravitational acceleration g (m s?), and diameter of fuel tray D (m).
. Q
PosCpoo Toon/ gD D?

These correlations will be further examined in Chapter 5.

(2-23)

A fire whirl presents additional difficulties when trying to formulate a height correlation.
This is due to circulation, the diameter of the FW, and the inflow at the base (Hartl ef al.,
2016). The restriction of air reduces the amount of oxygen to the flame and causes the
flame to get taller. The FW flames produce thinner diameters and larger heights than the
FB fires with the same HRR and fuel source diameter. This phenomenon has been studied
experimentally by Hartl ez al. (2016), Lei et al. (2011; 2015), Kuwana et al. (2008; 2013),

Zhou et al. (2013), and Chuah et al. (2007).

Kuwana et al. (2008) developed the following flame height correlation for small pool fires

using dimensional analysis:

1/3
')

where H is the flame height, and L is the horizontal length scale i.e., diameter. For large

pool fires they obtained the following:

H T
TRPTE (2-25)

where H is independent of circulation and is controlled by the burning rate.
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Chuah ef al. (2007) used an analytical model to predict the FW flame shapes and flame
height. They concluded the FW flame height is only a function of burning rate, which is
dependent on flame temperature and the FW core diameter. Kuwana et al. (2011) used spilt
cylinders to analyze the flame height of weak FWs using an ethanol pool fire and a methane
burner flame. They developed an analytical model that showed the flame height is a
function of burning rate, fuel type, and pool diameter:

_ ud/2Dy
"= mya=wmi

(2-26)

where u: is the average gas velocity at the liquid surface, d is the pool or burner diameter,
V' is the mixture fraction, and D,, is the mass diffusivity. They also observed with the
presence of a whirl, the flame becomes thinner than the corresponding FB tests. Klimenko

and Williams (2013) proposed the following height expression:

E _ u,d _ Pe (2-27)

where d is the pan diameter, Dy, is the mass diffusivity, u, is the average velocity, @,y is
viscous core coefficient which is a,rr = 2 for a Burgers vortex, and V is the mixture
fraction at H. Thus, the height is related to the burning rate, pan diameter, and fuel type.
Hartl and Smits (2016) proposed that the flame height is a function of circulation, H* =
0.74(T*)111, and the geometry of the enclosure, and the HRR from the fire control the
circulation. Lei et al. (2017a) conducted a series of tests in a square fixed-frame facility

using propane and heptane fuels. Lei ef al. (2011) initially developed the correlation, H* =

K (QF*Z)m, to correlate both their propane and heptane FW data. They defined the
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dimensionless circulation as I'* =T/ (\/E -d3/ 2), in which d is the fuel diameter, K is a

comprehensive dimensionless quantity, and m is a constant. However, the two fuels formed
two separate fitted lines. To fit the flame heights of any fuel type they proposed the

following semi-empirical correlation based on turbulence suppression:
H* = Y+ —1.75(1 — BR)~* (2-28)

where H* = H/d,, and I1 = B (%) déo's_")Q*(l — BR1)™2, which is a dimensionless
parameter, and B = A/0.46%. The turbulence is represented by (1 — BRi), and
Q*(1 — BR1)™2 is similar to (Q*F*Z). Ru is the mean Richardson number in the axial

direction for swirling flow. Lei (2017b) also proposed a correlation for the core radius (b,,)

for propane FW when z < H:

b, = 2.44Q%%° (2-29)
They concluded that flame height is correlated with HRR, the mean Richardson number,

and the axial velocity parameters.

Gao et al. (2019) used a square-based vertical shaft with one corner inlet to investigate

gasoline pool fires. They obtained a flame height correlation of H/D = X Q*Z/S, where D
is the fire source diameter, and X is a constant characteristic of the FW. In their study, X
was 5.07. They concluded that the gap width is a key parameter for determining the flame

height and swirling intensity, and they formed the following empirical formula:

XLer .
H/D = Lﬁq*z/5 (2-30)
ffmax
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where Lsf is the fitted flame height to the dimensionless gap width, and Ly sy 4y is the

maximum flame height. Zou et al. (2017) also correlated flame height with the corner gap

width in a square vertical shaft for a gasoline pool FW and found a linear relationship.
2.3. Comparison of Fuels

2.3.1. Liquid pools

A pool fire is a turbulent diffusion flame above a horizontal pool of vaporizing flammable
liquid in which the vaporizing liquid has zero or very low initial momentum. There are
three categories of pool fires: (1) confined pool fires in which the pools’ diameter holds
constant; (2) unconfined pool fires in which the pool spreads as it burns; and (3) fires on

water.

The surface temperature of the liquid in a pool fire is very near the boiling point (or the
end point of an ASTM distillation curve). The liquid fuel is heated up to its boiling point,
evaporates, and then burns in the vapour phase. The burning rate per unit area of the pool

is given the symbol m" [kgm?2s']. A simple energy balance gives the following

(Babrauskas, 1983):

m"AHg = q;’ad + q;0nv - q;e—rad - q;oss (2-31)

in which ¢,,4 (kW m?) is the radiative heat flux absorbed by the pool, §,on, (KW m?2) is
the convective heat flux to the pool, ¢,,_,aq (KW m2) is the radiative heat flux that radiates
back from the pool, and ¢, (kW m2) is the heat flux that is lost to the enclosure walls by

conduction and any other transient heat losses. The last two terms of Eq. (2-31) are usually
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small in comparison to the radiative and convective fluxes and are, therefore, ignored.

Thus,

m" = 4ioc/AH, (2-32)

in which ¢, is the total heat flux received by the fuel surface.

The earliest quantitative work on fire whirls was an experimental study by Emmons and
Ying (1967). They measured the mass loss rate of acetone in a fuel pan surrounded by a
rotating screen, thereby enabling them to independently vary the circulation rate. It was
discovered that the mass loss rate increased steadily with ambient circulation; however, no
definitive explanation for this phenomenon was suggested. Muraszew et al. (1979)
conducted experiments on fire whirls within a stationary cylinder with a conical section at
the top and a series of tangential inlets (6 in total) located in the bottom section. The fuels
were acetone and wood cribs. Many later researchers conducted experimental studies using
Emmons and Ying’s method of imposing circulation with a rotating screen, or by using
solid walls with asymmetrically placed openings whereby the fire induces the circulation.
Although there have been many studies on FWs since Emmons and Ying’s seminal work,
there is still limited experimental and theoretical results on burning rates of fire whirls (Lei

etal., 2015).

Hartl and Smits (2016) studied fire whirls generated with split cylinders around a 38.1 mm
diameter burner using DME as the fuel. They used Stereo Particle Image Velocimetry
(SPIV) to measure the flow field velocities within and around the FW. From their SPIV
measurements they concluded that air was entrained into the fire whirl along the base plate,

and that the air above this layer moved away from the FW thereby creating a recirculation
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zone. They stated the circulation plays an important role in the scaling of FWs, but in a
fixed-frame FWG the circulation is only a function of the HRR and the gap width. In other
words, it is the geometry of the enclosure and the HRR from the fire that controls the
circulation. Finally, Parente et al. (2019) compared their numerical results with the

experimental results of Hartl and Smits (2016) in which they plotted the dimensionless

flame height against the dimensionless circulation. The correlations resulted in 1.9([‘*0'8),

where ['* = 1"/(\/5 . dg/z).

2.3.2. Gaseous fuels

The benefits of conducting FW experiments with a gaseous fuel are (1) they are more easily
repeatable, (2) gaseous fuels (e.g., propane) are cost effective, and (3) the flow rates can
be controlled, which means that the heat release rates (HRR) are known. A number of
researchers have used gaseous fuels in fixed-frame apparatus, e.g., Lei et al. (2015) and
Lei and Lui (2016), and split cylinders, e.g., Kuwana et al. (2011), Lei et al. (2017b), Hartl

and Smits (2021; 2016).

Lei et al. (2015) investigated propane FWs in their fixed-frame apparatus. They used a
300 mm diameter gas burner with a 50 mm thick porous bed made of glass beads. Seven
HRRs of 25, 50, 100, 150, 200, 250, and 300 kW were studied. They made extensive
measurements of temperature profiles (axial and radial), velocity profiles, air entrainment,
and flame height. The plotted the centreline excess temperature (AT =T —T,) as a
function of the normalized height Z = z/H in which T is the temperature at height z, and
T,, is the ambient temperature. They indicate that the end of the continuous flame occurs

at Z=0.77, i.e., at 77% of the average flame height, AT = 1000°C (1 273 K). However, the
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value of AT varies considerably for different values of the HRR when Z > 1, i.e,, in the

plume region where z is greater than H.

Lei et al. (2015) investigated the difference in flame precession between a square-based
fixed-frame FWG and a small-scale rotating screen FWG using a propane gas burner of
50 mm diameter. They found that the precession frequency was similar in both FWGs,
concluding that the flame precession frequency is dominated by aerodynamics not the
FWG geometry or HRR. Lei and Liu (2016) investigated the transition process between
FW and FB propane flames, which was similar to the observations from the present study
in Fig. 1-2. Lei et al. (2017b) further analyzed the flame height, correlating it to a

Richardson number related to the average flow quantities and developed as Eq. (2.28).

2.3.3. Solid fuels

Crib fires can fit into three categories: (1) non-propagating fires in which the fire is ignited
uniformly as studied by Gross (1962), Block (1971), and McAllister (2015); (2)
propagating fires in which the fire is ignited in the centre and spreads outwards as studied
by O’Dogherty and Young (1964), Smith and Thomas (1970), Delichatsios (1976), Pegg
(1980), Hu et al. (2006), Xu et al. (2008), and Diab et al. (2020); and (3) long rectangular

cribs (/ >> h) to study fire spread rates as used by Fons et al. (1960).

With crib fires it is not possible to measure the fuel flow rate directly; instead, the weight
loss m must be measured. Thomas (1962) proposed a correlation to determine the flame

height for a crib derived from Eq. (2.10):
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VZ mnz

vyo_m- (2-33)
gD5  pégD

For a crib characteristic dimension D, the mass flux is given by " = m/D?. Since,

VZ

Pl (2-34)
D  gD>°

the normalized flame height can be equal to the right side of Eq. (2-33), leading to the

following expression:

H_ k( m’ ) (2-35)
D \poy/gD

where H is the flame height, m"'is the burning rate per area (m'' = m/ [2), p, is the air
density, g is gravitational acceleration, and k and a are constants. For circular crib fires, D

is the diameter; for square cribs D is the side length of crib (/); and for rectangular cribs,

D =/ (W1), where W is the width, and / is the length.

To date, only a few papers on solid fuel fire whirls have been published. The first was
Martin et al. (1976) who used wood cribs (Douglas fir) and investigated the burning rate
difference between FB crib fires and crib FWs. He concluded that there was a significant
increase in the burning rates of solid fuel fire whirls: burning rates were 1.4-4.2 times
larger than the burning rates of the FB flames. Chow and Han (2011) completed two sets
of experiments in which they used toothpicks to build a crib and wood chips. Using a
vertical shaft fire chamber, they examined FW formation and flame heights for liquid and

solid fuels. Their investigation found that wood chips formed larger flame heights than
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wood cribs. However, no comparison was done between FB and FW cases for flame height

and burning rate.

Pinto et al. (2017) used forest fuels (needles, straw, dead leaves, and mixed shrubs) in a
medium-scale FWG with one and four corner gaps (circular intake chamber). They
observed that the FW flame height and diameter were larger and smaller than FB fires,
respectively. They compared the flame height and heat release rate with full-scale fire
whirls. They developed the following correlations for the diameter of the container (d.)

against the diameter of the fire whirl (d,,,) as well as for the flame height (H) against HRR
(Q):

d, = 0.41d%3° (2-36)

Hpp = 0.1802%%° and Hpy, = 0.35Q%38 (2-37)

2.4. Types of Fire Whirls Generators

Table 2-2 provides a list of facilities used for fire whirl experiments, with advantages and
disadvantages for each type of system. A diagram of each chamber type is shown in Fig.

2-2.
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Figure 2-2: Diagram illustrating the main types of different FW generators.
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Table 2-2:

Comparison of the different FW generators.

Facility Advantages Disadvantages References
Lei et al. (2017a);
Rotating | Controls ffeffli‘it Htlzli?sert Lei & Liu (2016); Lei et al.
screen circulation (2015); Chigier et al. (1970);
probes
Emmons & Ying (1967)
Hartl & Smits (2021, 2016);
Parente et al. (2019);
Split Cost Difficult for Yamada & Kuwana (2019);
cylinders | effective measurements ’
Wang et al. (2018);
Kuwana et al. (2011).
Square:
Hariharan et al. (2021);
Easy to place Wang et al. (2018); Lei et
probes Difficult to al. (2017b, 2016, 2015, & 2013);
for measurement.
Simple zfjjglzon Zhou et al. (2013); Chuah et al.
adjustments ) (2013)
. can be made, i.e May produce
Fixed b £ > additional Hexagona];
frame HUmBEr o vortices in the
Openings, system due to the | Lei & Li (2016); Yu ez al. (2013)
gap size, elc. recirculation
Shape can be Vertical Shaft (One inlet):
zones at the
changed, but most COrmers
researchers use ' Gao et al. (2019);
square. Zou et al. (2019); Yuen et al.
(2018); Chow et al. (2017)
Circulation can be | Difficult to . .
Circular | adjusted. The air adjust Pinto et al. (2017); Martin et
intake entrainment can be | measurements al. (1976)
fixed. within.
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The fixed frame facility was chosen because of its simple geometry, advantages such as
ease in measuring the temperature with thermocouples, having the ability to adjust the
walls and openings, and the fixed glass walls allow for video measurement of the flame
height. Furthermore, the fixed-frame apparatus does not impose the circulation on the fire,

the fire controls the circulation.

2.5. Summary

Many flame height models have been presented for fire whirls. However, their accuracy is
questionable when applied to a broad range of conditions, fuels, and geometries. Pinto et
al. (2017) stated that the Burgers vortex cannot be used for a FW due to the complexity of
the flow associated with density and temperature changes near the flame. No specific flame
height correlation has been found for FWs. This justifies the importance of experimental
data and laboratory experiments to explain and validate fire whirl behaviour. It is important
to evaluate and to understand the differences, advantages, and limitations encountered
when using solid fuels as opposed to gaseous fuels. There is a gap of research completed
on fire whirls using solid fuels, more specifically structured solid structures such as wooden
cribs. The existing flame height and burning rate correlations used for FB flames have been
used for FW flames to compare and demonstrate how well they correlate. Detailed analysis
of crib FWs will close a gap in literature as no other researcher has done an extensive study

on this topic.

30



Chapter 3: Experimental Methods

3.1. Fire Whirl Generator

A small-scale, square-base, fixed-frame fire whirl generator (FWG) with dimensions of
0.61 m x 0.61 m x 1.22 m high, as shown in Fig. 3-1, was designed, and built to study the
dynamics of fire whirls. The front and rear housed 6.35 mm thick tempered glass sheets,
and the two sides housed 6.35 mm thick aluminum sheets. The four sides were supported
in tracks, which enabled them to slide. Thus, the air gap could be adjusted to any desired
width. For some experiments, aluminum plates (0.79 m % 0.102 m x 6.35 mm) were
affixed at the top of the air gaps to restrict the openings to the lower part of the enclosure.
The base and frame were constructed of aluminum. The base plate had an opening to
accommodate the propane burners or the weighing platform on which the cribs were
placed. An extract hood extending approximately 300 mm beyond the sides of the chamber
and covered the top of the unit for the first three sets of propane experiments and first set
of crib experiments conducted in a lab at the university. For the fourth set of propane
experiments, and the second set of crib experiments the hood was removed, and the
apparatus was relocated to the Canadian Armed Forces (CAF) burn rooms at the Damage

Control Training Facility (DCTF) Kootenay in Herring Cove, Nova Scotia, Canada.
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Figure 3-1:  (a) Picture of the experimental apparatus. Description of the four
investigated configurations: (b) one inlet, (c) two inlets, (d) three inlets,
and (e) four inlets.

3.2. Propane Experiments

The first set of gaseous fuel experiments were used to determine the parameters that made
the most stable fire whirl. They were also used for initial comparison of flame height and
flame temperature of a flame with and without fire whirl formation, (i.e., to compare FWs

with FB, buoyant diffusion flames).

Propane fuel was delivered to the chamber by one of four different burners. They were
fabricated from schedule 40 steel piping of nominal 2 in, 3 in, 4 in, and 6 in diameters. The
actual internal diameters were 52.5 mm, 77.9 mm, 102.3 mm, and 154.1 mm. The
uniformity of the flow across the surface area of the burner was checked by flowing air
through the system at different flow rates and checking the velocity across the outlet with

an anemometer. The base plate of the apparatus had an opening to accommodate the
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different diameter gas burners. Each burner was packed with wire wool at their base and
then filled with sand. This produced a low initial momentum burner with the fuel evenly
distributed over the cross-sectional areca. The mass flow rate, and hence the heat release
rate, was controlled by a mass flow meter (FMA-2068A Omega engineering) to give
propane flow rates. The HRRs were chosen based of the limitation of the flow meter used
and gas supply pressure. The maximum flow rate that could be produced was 14 LPM. At
low HRR (5.56 kW, i.e., 4 LPM) a FW was formed, however the flame height was small,
so the majority of HRRs were conducted with 6, 8, 10, and 12 LPM respectively
(corresponding to 8.33, 11.1, 13.9, and 16.7 kW, respectively based on a lower heating

value (LHV) for propane of 46.3 MJ kg™!)

For the first set of experiments, stable FWs were formed by setting the air gaps to 450 mm
high x 65 mm wide. The FB flames were formed by removing the tempered glass front and
back walls. Temperatures were measured with type K thermocouples, centered in the
chamber. The thermocouples had a 1.52 mm diameter exposed bead. Eight thermocouples
(T1-T8) were positioned at heights of 50, 100, 300, 500, 700, 900, 1 000, and 1 100 mm
above the burner rim. Measurements were made at six different radial distances: 0 (centre

of the burner), 20, 40, 60, 90, and 150 mm.

In the second set of experiments, the influence of the air gap width on the formation and
flame height of the FW was investigated. The 77.9 mm (nominal 3-in) burner diameter was
used with an HRR of 11.1 kW. The four-inlet configuration was used, and a full height gap
of 1.22 m high x 65 mm wide was maintained. A total of fourteen tests was completed with
the air gap width, s, set between 20 and 200 mm in increments 20 mm, and 250, 270, 300,

and 320 mm. A gap width of 320 mm corresponds to an opening half the length of the side
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of the FWG.

In the third set of experiments, the stability of the FWs was studied as a function of the
number of openings. The openings were varied from one to four inlets, as shown in Fig. 3-
1. Air was admitted through these opening by the natural entrainment. The size of the air
gap was set to three different configurations: full height (1.22 m high x 65 mm wide); half
height (0.45 m high x 65 mm wide); and mixed, which was a combination of half and full
air gaps. The half and mixed air openings used aluminium plates
(0.79 m x 0.102 m % 6.35 mm) to restrict the opening at the top of the air gaps, thereby
directing the air to lower part of the enclosure. The HRRs used were approximately 8.3 and
11.1 kW. Temperatures were measured at the same vertical locations as before (T1-T8)

and at radial distances of 0 (centre of the burner), 20, 40, 60, and 100 mm.

In the fourth set of experiments, the influence of the hood on the stability of the fire whirls
was examined. All temperature measurements were taken at the centreline of the burner
with type K thermocouples positioned at heights of 50, 100, 300, 400, 500, 700, 800, 900,
1 000, 1 100, 1 380, 1 480, and 1 580 mm above the burner rim. The propane flow rates
used were 5—12 dm?® min'!. The FB flames were formed with all the walls removed, one
wall in place, and two parallel walls in place. The measured flame heights were compared
with flame heights of FB tests using the Thomas, Steward, Heskestad, and McCaffrey

flame height correlations.

The propane FW and FB studies focused on developing a deeper understanding of the fire
dynamics for various apparatus configurations. Specifically, experiments were performed

to study the effect of inlet gap size, number of gaps, burner diameter, and HRR on FW
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dynamics and stability in a fixed-frame apparatus. Propane was used as the fuel in these
studies because gaseous fuels allow the system to operate under stable conditions for a long

period of time and permit direct adjustment of the heat release rate.

3.3. Wood Crib Experiments

Propane experiments enable the study of the inherent dynamic effects caused by the fire
whirl. Studying crib fires extends the work of gaseous fuels by including the effects of

spread through a structured fuel source and formation of the FW above a solid fuel.

Cribs of yellow poplar hardwood (Liriodendron tulipifera), which is knot-free, were built
and placed in an environmental chamber at 20°C and 50 % relative humidity for ten days,
which resulted in approximately a 9 % moisture content. The moisture content was
determined using ASTM D4442-92 (Standard Test Methods for Direct Moisture Content
Measurement of Wood and Wood-Base Materials). Method B—"Secondary Oven-Drying
Method with a precision of = 1 %” was used. The moisture content is reported as an whole
number. For the six-inch cribs, each crib was built by gluing n square cross-section sticks
of thickness b = 12.7 mm and length [ = 152.6 mm per layer with equal spacing s
between each stick. All cribs had an aspect ratio (stick length/thickness) of 12. The
variation in n resulted in cribs with different porosities €. Each crib had N = 6 layers

giving a height h = 76.2 mm. A typical crib is shown in Fig. 3-2.
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Figure 3-2:  Schematic of a typical crib showing important dimensions.

The base plate of the FWG apparatus had an opening to accommodate a weighing platform,
attached to a 20 kg top loading balance (Radwag WLC 20/A2). The cribs were placed on
top and weight-time data was collected at a rate of 14 samples per second, with an accuracy
of 0.1 g. This platform had a small central ignitor cup, the top of which was flush with the
base, in which 2 mL of ethanol and a wick were used to initiate each propagating fire. The
fire whirls were produced by setting the air gaps to 450 mm high x 65 mm wide, which
resulted in stable FWs. For obtaining data on cribs without the formation of a FW, i.e., FB

crib fires, the front and rear tempered glass panels were removed.

As before, thermocouples (T1-T8) were positioned at heights of 50, 100, 300, 500, 700,
900, 1 000, and 1 100 mm. Radial measurements were taken from the centreline (0 mm),
quarter of the crib (38 mm), crib edge (76 mm), and outside of the crib (114 mm) for the
FWs, while for the FB crib fires they were taken from the centreline and staggered between

the three other positions.

The thermocouples were interfaced to a PC via a National Instruments DAQ module

(NIcDAQ-9174; in conjunction with a NI-9213 thermocouple module). Data acquisition
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was handled through a LabVIEW® program which averages 10 samples from each
instrument and records them every 1.2 s. All data was stored in an Excel spreadsheet for

data analysis. No corrections were made for radiation.

A GoPro HERO4 Silver camera and a webcam (Logitech C920 HD pro Webcam 1080p)

were used to record the flame spread rate, flame shape, and flame height.

The second set of experiments was completed at DCTF with the hood removed. Three sizes
of crib were used with stick lengths / of 76.2, 152.6, and 228.6 mm (3, 6, and 9 inch). Each
crib had N = 6 layers giving heights /# of 38.1, 76.2, and 114.3 mm. Thirteen type K
thermocouples were positioned at heights of 50, 100, 300, 400, 500, 700, 800, 900, 1 000,
1 100, 1 380, 1 480, and 1 580 mm. Measurements were taken from the centreline (0 mm)
and edge of the crib (38.1, 76.2 and 114.3 mm). The weight-time data was collected at a

rate of 5 samples per second.

3.4. Data Processing

3.4.1. Flame height

The flame height was captured using a GoPro HERO4 Silver camera, and videos were
exported into MATLAB for subsequent partitioning into frames. The extracted images
were cropped at a width of 40 cm (leaving 20 cm on either side of the vertical centreline
through the crib) and a height of 120-130 cm from the base of the burner/crib. A typical
cropped image of the visible flame is shown in Fig 3-3(a). Flame heights were determined
using a customized color threshold. The filtering process produced images with a black

background as shown in Fig. 3-3(b). The flame shape was determined using contour lines,
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and the flame height was estimated from the maximum vertical dimension (i.e., maximum
y-coordinate). The maximum vertical coordinate on the flame contour in each image (one

per second) was converted to centimetres using the known pixel size (pixels/cm).

(a) (b)

Figure 3-3:  Examples of video images used to determine flame heights: (a) cropped
image of the visible flame, and (b) colour threshold image of the flame.

Figure 3-4 shows a comparison between the instantaneous flame heights of FW and FB
propane fires. The flame heights fluctuate about a mean value, with the FW average being

greater than the FB average.
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Figure 3-4:  Instantaneous flame height data for FW and FB propane fires using 6 in
(154.1 mm) diameter burner with an HRR of 8.3 kW.

A typical set of flame height data determined from the video frames is shown in Fig. 3-
5(a). The mean flame height for cribs was determined from intermittency data during the
quasi-steady burn period as shown in Fig. 3-5(b). Observation of the video of the fire shows
that the luminosity of the lower part of the flaming region appears quite steady, whereas
the upper part is somewhat intermittent. Figure 3-5(b) has been used to define the mean
flame height H. It shows the variation of flame intermittency vs. height, which is defined
as the fraction of time that part of the flame exceeds a particular height. The intermittency
decreases from unity well within the flame, to lesser values in the intermittent flame region,
and finally reaches zero outside the flame region. The significance of the mean flame height
H is that it is the distance above the base where the intermittency has dropped to 50 %.
Thus, the mean flame height indicates the level where the combustion reactions are
essentially complete, and the inert plume begins. Determination of mean flame height
based upon intermittency is consistent with flame heights that are averaged by eye,

although tending to be slightly lower than visual observation (Heskestad, 2016). Since cribs
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of the same geometrical configuration have slightly different quasi-steady burning rates
and flame heights, all the flame height data from cribs with the same configuration were
“binned” and H was determined from intermittency data rather than averaging values from
tests with individual cribs. In the case of crib FWs, a minimum of four tests for each
geometrical configuration was conducted. For the FB experiments, two tests were

conducted for each geometrical configuration.
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Figure 3-5:  Flame height data for a 6 in (152.6 mm) crib with n = 6 with a fire whirl.

Three distinct flame regions have been observed with FBs and FWs—the continuous,
intermittent, and plume regions. The continuous region is below z/H = 0.7, where z is the
axial height and H is the flame height. The intermittent region is in the range of 0.7 <
z/H < 1.2, where 1.2 represents the fluctuation of luminous flame tip (Tohidi et al., 2018).

The plume region is above the flame tip where the hot gases disperse.

3.4.2. Flame precession and flame spread

The flame precession and spread rate were examined by using a webcam (Logitech C920
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HD pro Webcam 1080p), and the videos were exported into a MATLAB script that
separated them into frames. The flames in the stable FWs experienced small oscillations in

their visible height, and they precessed anticlockwise irregularly around the burner.

The flame precession images from the videos were analyzed to estimate the mean
horizontal position and the maximum extent of the flame boundary. The image processing
procedure and results from this analysis are summarized in Fig. 3-6. Videos of at least two
minutes were recorded for each experiment after stabilization. Frames were extracted every
!/3 s from the videos and the frames were cropped to a width of approximately 20 cm and

a height of approximately 30 cm.

Range of Position Range of Position

Figure 3-6:  Cropped images of the wandering effect for the fire whirl experiment.

Figure 3-7 shows an example of a cropped image. Image analysis was used to convert the
flame profile into a binarized image (Fig. 3-7(b)). The horizontal minimum and maximum
extents of the flame and its mean horizontal position were calculated from the binarized
image and recorded for each frame using an automated image processing code written in

MATLAB.
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Figure 3-7:  Flame wandering data showing (a) an instantaneous image of a flame, (b)
a binarized instantaneous image of a flame, (¢) the maximum extents of
flame motion for the 2 inlet half open configuration, (d) the temporal
variation of mean flame and maximum horizontal flame extent for the 2
inlet half open configuration, and (e) the mean position and range of
motion for various configurations.

The filtered sum of the binarized frames was used to generate a visualization of the
maximum extents of the flame (Fig. 3-7(c)). Figure 3-7(d) shows the time series of
recorded flame positions and flame extent data for the two inlet half open experiment with
an 83 kW HRR. Figure 3-7(e) shows a comparison of the data from the 8.3 kW
experiments for the 3 in (77.9 mm) diameter burner with full height and half height air gaps

with various number of openings having a gap width of 64 £ 5 mm. The error bars indicate
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the global minimum and maximum of the horizontal location of the flame and the triangles
indicate the mean horizontal flame position. Figure 3-8 shows a flame precessing around

the centreline and is an example of how the range of position is collected.

Range of Position

Range of Position

Figure 3-8:  Cropped images showing the wandering effect observed in FW
experiments.

3.4.3. Wood crib spread rate
The spread rate data was collected by placing one frame per second into Image J software.
The software identified where the flame was and as time passed the flame grew in width,

which was recorded into a spreadsheet. Figure 3-10 is the plotted flame width vs. time, and

the slope of graph represents the spread rate (cm s™!).
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Figure 3-9:  Raw data of the spread rate for a 6 in (152.6 mm) crib (n = 4) fire whirl.
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3.4.4. Wood crib burning rate

Figure 3-10 shows the weight-time history for a 6 in (152.6 mm) crib with n = 5. The top
left panel shows the measured raw weight-time data, which is a decreasing function.
However, the noise in the data is masked due to the high sampling rate, and the bottom left
panel shows that the data cannot be directly numerically differentiated to yield a burning
rate estimate. The top right panel shows the smoothed weight-time data using a Gaussian-
weighted moving average filter with 500 data points. This filtering method was chosen
because it provided a smoothed burning rate estimate and did not significantly impact the
predicted peak burning rate when compared to local linear regression. As shown in the
bottom right panel, this smoothed data can be numerically differentiated to give a burning
rate estimate. The burning rate during the quasi-steady period was determined through
linear regression of the linear portion of the smoothed weight-time data (see top right panel
of Fig. 3-10), which gives an average of the peak value of the numerically differentiated
smoothed data. The start and end times for the linear regression were 25 seconds on either
side of the peak value of the numerically differentiated smoothed data, i.e., a 50 s window
around the peak value (see bottom right panel of Fig. 3-10). In all cases, the difference
between the average burning rate during the quasi-steady period and the peak (maximum)
burning rate determined from the numerically differentiated data, with the exception of the

very open-packed cribs (n = 3), was within the range of 0 to 5 %.
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Figure 3-10: Burning rate data for a 6 in (152.6 mm) crib FW experiment with n =5
showing raw data of mass vs. time (top left), smoothed data of mass vs.
time (top right), burning rate computed from the raw mass vs. time data
(bottom left), and burning rate determined from smoothed mass vs. time
data.

3.4.5. Thermocouple temperature measurements

The thermocouples were interfaced to a PC via a National Instruments DAQ module
(NIcDAQ-9174; in conjunction with a NI-9213 thermocouple module) and was controlled
through a LabVIEW® program, which averages 10 samples from each instrument and
records them every 2.2 s. All data was recorded in an Excel spreadsheet for data analysis.

Similar to the height data, the gaseous flame temperature data had some fluctuation but
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produced a relatively flat graph (left side of Fig. 3-11). The crib temperature data produces

a parabolic graph (right side of Fig. 3-11).
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Figure 3-11: Temperature profiles for FW and FB gas and crib experiments with raw
data of temperature vs. time for gaseous FW (top left), crib FW (top right),
gaseous FB (bottom left), and crib FB (bottom right) cases.

The centreline profiles were generated for gaseous FWs and FB fires by averaging 100
seconds of the data. The radial temperature profiles were recorded at 0, 20, 40, 60, and
100 mm. The three regions were examined: (1) the continuous flame, (2) the intermittent
flame, and (3) the plume region. The temperature was then plotted according to
McCaffrey’s correlation, which can be used for intermittent and continuous flame regions

with different constants, as shown in Fig. 3-12.
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Figure 3-12:

1000

- .'ﬁhl
[ ]
(]

10

AT [K]

1 Il
0.01 0.1 1
2/Q?/> [m/kW?/?]

Free burning centreline temperature profiles for various propane
experiments.

The average temperatures within the crib flames were calculated by taking 10 % of the

time from when the temperature starts to climb to the peak, shown by the dotted lines in

Fig. 3-13. Then using that time to average the temperature at the peak. For example, Fig.

3-13 shows the crib beginning to climb at approx. 50 s and reaches the peak at 250 s.

Therefore, 10 % of this would be 20 s. The temperature would be averaged from 230-270

s. With crib FWs, there were four regions: (1) combustion within the crib, (2) the

continuous flame, (3) the intermittent flame, and (4) the plume region. The error bars were

calculated using the root-mean-square error (RMSE) method. The crib data was plotted in

the same manner as the data for the propane flames.
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Figure 3-13:
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Chapter 4: Numerical Methods

Fire Dynamics Simulator (FDS) (FDS, 2022) was used to simulate the propane FWs with
different HRRs and FWG configurations. The chamber modelled was a fixed-frame facility
with four walls, two aluminum and two glass. The gap size was varied on a case-by-case
basis. The objective was to compare simulation results from FDS with data from the
propane FW experiments and to identify limitations of and areas for improvement in the
adopted modelling approaches. The primary focus of this study was on fire whirl formation,

stability, temperature profiles, and flame height.

4.1. Governing Equations

The most common CFD-based approaches for modelling turbulent fires are based on
RANS (Reynolds-averaged Navier-Stokes), URANS (unsteady RANS), and LES (large-
eddy simulation) methods. Direct numerical simulation is normally not feasible for large-
scale fires. In this study, an LES turbulence model was employed. In LES, the goal is to
resolve the large-scale unsteady energy-carrying geometry-dependent anisotropic eddies,
but the effect of the smallest scales in the flow are included through the sub-grid scale

(SGS) model.

FDS is an LES code that solves the low-Mach number equations, with emphasis on
transport of smoke and heat. Due to the large scales of fires, it is often not possible to
resolve all geometry-dependent anisotropic eddies. Therefore, the default settings within
FDS are tuned towards a very large-eddy simulation (VLES), where more of the scales are

handled by the SGS model. All simulations in this work were conducted using FDS version
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6.7.0. The technical details of the mathematical models used in FDS are described in the

FDS Technical Reference Guide (2022) and will not be repeated in this section.

4.2. Model Implementation

A successful model should capture both the qualitative and quantitative aspects of a fire
whirl. Qualitative observations should include the transition from a buoyant diffusion gas
flame to a stable fire whirl, and the stability of the fire whirl. If the qualitative properties
of the simulation match experimental observations, then the quantitative properties—e.g.,
flame height and temperature profiles—should also reasonably match the experimental

data.

4.2.1. Model parameters

Thermocouple probes with the same properties as those in the experiments were used to
record temperatures within the simulation. Preliminary tests were performed with different
SGS and wall modelling approaches, but the default Deardroff model was found to be the
most suitable. In this model, the eddy viscosity v, is calculated using the following

expression:

4-1
Ve = Cy [Ksgsh (4-1)

where C,, is an empirical constant with a default value of 0.1, A is a length on the order of
size of a grid cell, and k4, is the unresolved (sub-grid scale) kinetic energy which is

estimated with an algebraic closure based on scale similarity.

The default combustion rate model in FDS is a mixing-controlled, mixture-fraction model

based on the eddy dissipation concept (EDC). The default FDS combustion model settings
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were used in this study, and propane was specified as the fuel. The default FDS settings

were also retained for solving the radiative transport equation (RTE).

4.2.2. Geometry

Various FWG chamber configurations were simulated. In all cases, the total geometry
(chamber and surroundings included within the simulation domain) for the simulation
domain had a square base of 1 000 mm % 1 000 mm and a height of 4 500 mm. The space
around the outside of the chamber was included within the simulation domain to ensure
more realistic inlet/outlet conditions. An annotated image of the simulation domain is
shown in Fig. 4-1. Only a portion of the top of the domain is shown to facilitate
visualization of the chamber. The aluminium (grey) and glass (blue) panels are shown in
the image, and the provided dimensions for the chamber correspond to one of the

configurations used for experiments.

Burners were initially modelled using a square inlet having an equivalent cross-sectional
area to the experimental burners. However, initial simulations showed that a square inlet
required significantly more mesh resolution than a circular inlet to form a stable whirl.
Therefore, a circular inlet was used for all simulations presented in this work. The FWs
were found to stabilize within the first 15 s of the simulation, and all simulations were run
for at least 45 s. Data were averaged after the simulations has reached a pseudo-steady-

state for 30 s in the interval 15—45 s.
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Figure 4-1:  Annotated image showing one of the simulated FWG configurations and
the simulation domain (top of the simulation domain has been cropped to
facilitate visualization).

4.2.3. Mesh dependence

A refinement study was performed using five computational meshes containing 562 500
(M1), 1386000 (M2), 1964 880 (M3), 2573 136 (M4), and 3 126 096 (M5) cells to
analyze the impact of mesh resolution on predictions. The finer meshes had significantly
higher resolution in the vicinity of the flame. Therefore, although the mesh cell count is
not drastically increased compared to the coarser meshes, the computational demand was

significantly higher due to the lower required time steps.
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To test mesh refinement, simulations were performed for a 3 in (77.9 mm) burner diameter,
four air gaps of 450 mm height x 65 mm width, HRR of 11.1 kW, and a wall height of
1 200 mm. It was found that only the M4 and M5 meshes predicted stable fire whirls. To
ensure the best possible results considering available computational resources, the M5

mesh was used for all other simulations.

The FDS validation guide (FDS, 2022) provides the following equation to calculate the

characteristic fire diameter D*:

= (2 )2/5 4-2)
pOCpTO\/E

where Q is the HRR, P, 1s the ambient air density, ¢, is specific heat, T, is the ambient air
temperature, and g is gravitational acceleration. The FDS validation guide (FDS, 2022)
suggests calculation of a plume resolution index as D*/dx, where éx is the length of the
cells spanning the fire. For mesh M5 at a HRRs of 8.3, 11.1, and 16.7 kW, the plume
resolution index based on the cell length in the vicinity of the fire is 56.5, 63.4, and 74.6
respectively. These values are in the high range (i.e., good flame resolution) compared to
most of the validation cases provided in the FDS validation guide. The values are also
equivalent to, or higher than, similar simulations reported in recent studies in the literature

(Gao, 2021; Fang, 2020).

Images of mesh M5, including the overall domain and a close-up view of the flame region

are provided in Fig. 4-2.
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Figure 4-2:  Images of mesh M5 showing (a) the overall domain, (b) a close-up of the
flame region, and (c) a close-up of the burner region. Mesh length size
across the burner is 2.5 mm.

4.3. Summary of Simulations

The simulation results were compared with the experimental data to validate the selected
models. Table 4-1 lists the simulation cases that were completed in this work in addition

to the mesh refinement studies.

54



Table 4-1:

Summary of simulation cases completed in this work.

Chamber wall height analysis

Burner size (in) | HRR (kW) | Wall height (m) Gap size (four inlets if not otherwise
stated)
3 8.3 1.2 Full height x 65 mm
3 8.3 2.6 Full height x 65 mm
3 8.3 4.0 Full height x 65 mm
3 11.1 1.2 Full height x 65 mm
3 11.1 2.6 Full height x 65 mm
3 11.1 4.0 Full height x 65 mm
3 16.7 1.2 Full height x 65 mm
3 16.7 2.6 Full height x 65 mm
3 16.7 4.0 Full height x 65 mm
Mesh refinement study
3 11.1 1.2 450 mm height X 65 mm
Gap width study
3 11.1 1.2 Full height x 65 mm
3 11.1 1.2 Full height x 105 mm
3 11.1 1.2 Full height x 205 mm
3 11.1 1.2 Full height x 305 mm
Number of inlet(s) study
3 11.1 1.2 One inlet, 450 mm height X 65 mm
3 11.1 1.2 One inlet, Full height x 65 mm
3 11.1 1.2 Two inlets, 450 mm height X 65 mm
3 11.1 1.2 Three inlets, 450 mm height x 65 mm
Burner size and HRR study
2 11.1 1.2 450 mm height X 65 mm
6 11.1 1.2 450 mm height X 65 mm
2 8.3 1.2 450 mm height X 65 mm
6 8.3 1.2 450 mm height X 65 mm
2 16.7 1.2 450 mm height X 65 mm
6 16.7 1.2 450 mm height X 65 mm
3 8.3 1.2 450 mm height X 65 mm
3 16.7 1.2 450 mm height X 65 mm
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Chapter 5: Dynamics of Propane Fire Whirls

In this chapter, the different flame height correlations for FB fires are compared with data
from this study and literature data. This analysis is followed by an investigation of how
changing the fuel flow rate, gap size, and number of inlets impacts FW formation and

stability, FW diameter, and FW height.

5.1. Free Burning Flame Heights

The flame height data for FB buoyant propane diffusion flames was plotted according to
the Thomas correlation (Thomas, 1960). The mean flame height was normalized by the
burner diameter. Figure 5-1 shows the data for completely unconfined flames (i.e., with no
walls affixed to the apparatus), with one wall, and with two parallel side walls attached

(i.e., partially confined with the front and rear glass panels removed).

100
® No walls
1 wall
2 walls (test 1)
2 walls (test 2)
2 walls (test 3)
% 10 ‘9”“);;

1 MR AR L MR n
0.000001 0.00001 0.0001 0.001  0.01 0.1
V2/gD" [-]
Figure 5-1:  The FB propane fires with no walls, 1 wall, and 2 walls plotted according
to the Thomas correlation.
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The effect of the side walls on the flame height was negligible, so all sets of data can be

considered as FB and are fitted by a power law:

No walls H/D = 34.85(V2/gD5)"**
. 0.21
1 wall H/D =34.1(V?/gD%)
. 0.22
2 walls H/D = 35.03(V2/gD%)
. 0.22
Overall H/D = 35.07(V?/gD%)

r?=0.975
r?>=0.982
r?=10.980
r?=0.977

(5-1a)

(5-1b)

(5-1c)

(5-2a)

Subsequently, all the data points were plotted for all four flame height correlations

discussed in Chapter 2 to discover which flame height correlation would be most suitable

going forward. Figure 5-2 shows the data for FB propane flames correlated using (a)

Thomas’s correlation, (b) Steward’s N., parameter, (c) Heskestad’s N parameter, and (d)

McCaffrey’s O* on logarithmic axes.
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Figure 5-2:  Free burning buoyant propane diffusion flame height data plotted

according to four common correlations.

The Thomas correlation is shown by Eq. (5.2a). The other three flame height correlations

from Fig. 5-2 are given by the following expressions:

Steward’s correlation

Heskestad’s correlation

McCaffrey’s correlation

H/D = 3.685N,,%%*
H/D = 14.44(N)%22

H/D = 3.208(Q*)**
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Heskestad’s N parameter is based on the Thomas (1960) correlation modified by the
properties of the fuel and air so as to be applicable to all fuels. Steward’s N., parameter is
comprised of Thomas’s correlation modified by terms containing the inverse volumetric
expansion ratio due to combustion and the stoichiometric air to fuel mass ratio. It is
therefore not surprising that they all resulted in the same exponent and value of 7 as the
Thomas correlation but with a different constant. Data plotted according to McCaffrey’s
Q*resulted in an exponent twice that of the Thomas, Steward, and Heskestad correlations.

However, the 72 is the same as the Thomas correlation.

As pointed out by Zukoski (1995), because the heat of combustion per unit mass of air
(AH_/y) is approximately constant for most gaseous hydrocarbon fuels and hydrogen,
incorporating the term (ycpoo T/ AHC) in Neo, N, or Q* makes little difference in the flame
height correlations. Furthermore, the scatter in experimental data (visual flame height vs.
flame heights from intermittency) is too large to allow one correlating parameter to be
chosen over another. Therefore, going forward any of the flame height correlations could

be considered.

Several researchers have plotted flame heights for a range of fuel types and HRR. Table 5-

1 and Fig. 5-3 compares a number of these experiments with the present work:
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Table 5-1: Experimental studies on FB flame height using propane fuel.

Reference Set-up

Investigated the flame height, flame width, and radiation to
an adjacent vessel from a jet flame. Propane flow rates of

Sugawa and Sakai )
100, 200, and 400 dm3 min!' (1.67x103, 3.33x10, and

(1997)
6.67x107 m? s!) through pipes with bore diameters of 6.5,

9.2,12.7, and 27.6 mm were used.

Measured flame height and lift-off distance of propane

turbulent jet diffusion flames from nozzles with diameters of
Hu et al. (2013) )
4,5, 6,8, and 10 mm. Experiments were performed at Hefei,

China (50 m, 100 kPa) and Lhasa, Tibet (3 650 m, 64 kPa).

Measured the flame extension of a vertical jet flame

impinging on a horizontal surface above the flame, such as a

ceiling. They also measured the unconfined flame height
Zhang et al. (2014) . .

(i.e., without the plate above the flame). A 14 mm diameter

nozzle was used and five HRRs of 0.47-2.36 kW were

tested.

Measured the flame height using a circular burner size with
diameter of 34 cm and HRRs of 14.1, 28.3, 42.3, 56.5, and
70.7 kW.

Huang et al. (2019)

Measured the flame height in a chamber with two vertical

walls that were 1.5 m wide and 3 m high. The propane was
Wang et al. (2017) . o

delivered through nozzles with diameters of 3, 6, and 10 mm.

The volumetric flow rates were from 1 to 9 SLPM.

Free burning propane flame height data from various researchers was plotted in Fig. 5-3
using the Thomas correlation. All data are reasonably well correlated, with the largest

burner diameter giving the smallest values of H/D and the smallest burner diameter giving
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the largest values of H/D. Sugawa et al. (1997), Hu et al. (2013), and Wang et al. (2017)
correspond to the highest values of (V2 / gDS), Zhang et al. (2014) to intermediate values,
and the data from the present work and that of Huang et al. (2019) to the lowest values.
Sugawa et al. (1997) used small burner diameters with very large HRR. Hu ef al. (2013)
and Wang et al. (2017) used small burner diameters with medium to small HRR. Zhang et
al. (2014) used small diameter burners with very small HRR, whereas the present work
and that of Huang et al. (2019) used large diameter burners with intermediate HRRs, larger

than Zhang et al. (2014) but smaller than Sugawa et al. (1997).
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Figure 5-3:  Free burning flame height data plotted according to the Thomas
correlation.

5.2. Fire Whirl Flame Heights

When observing the difference between FW and FB flame heights, it is apparent that FWs

produce a much greater flame height than the FB fires. Also, the diameter of FB flames is
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similar to that of the burner diameter D. However, the diameter of the FW flame D, in most
cases is much different than the burner diameter. Furthermore, FWs exhibit a lift height L,
as shown in Fig. 5-4, whereas the FB fires do not. This lift height is also present in jet fires,

which was investigated by Bradley et al. (2016).

Figure 5-4:  Images of free burning (left) and fire whirl (right) flames showing height
and diameter for the 2 in (52.5 mm) diameter burner with an HRR of 13.9
kW.

The mechanism that stretches the FW is the buoyant accelerating hot gases from the fire.
As the FW is stretched, the flame height increases and causes the diameter of the flame to
shrink. This phenomenon is a result of conservation of angular momentum; as the mass
moves closer to the centre, the FW spins faster. It was noted that D, did not vary greatly

when D changed, as shown in Fig. 5-5.
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(a) 2 inch
Figure 5-5:

(b) 3 inch

(c) 4 inch

(d) 6 inch

The diameter of the fire whirl for approximately 11 kW HRR with
different burner diameters.

However, when the HRR increased so did D,, as shown in Fig. 5-6 and 5-7. There is a

strong dependence on HRR, as shown by the fitted correlations provided in Table 5-2.

Figure 5-6:

Table 5-2:
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Ratio of the FW diameter (D,) to the burner diameter (D) plotted against

the fuel flow rate.

Correlations of (D./D) as a function of propane flow rate from Fig. 5-6.

D,/D = 0.105V + 0.460

D,/D = 0.031V + 0.595
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r?=0.946

r?=0.986

(5.32)

(5.3b)



d4 D,/D = 0.04V + 0.348 P =0.971 (5.3¢)
d6 D,/D = 0.02V + 0.367 2 =0.969 (5.3d)

The data on Fig. 5-6 show that in some cases D, is as low as half the size of D. Keeping
the same flow rate (11.1 kW) and changing the burner diameter from 2 in to 6 in, which is
3 times greater, only increases D, by a factor of 1.29. In comparison, the change of D, with

HRR for a burner diameter of 3 in is shown in Fig. 5-7.

J - ‘

(a) 5.5 kW (b) 11.1 kW (c) 13.5 kW (d) 17.2 kW

Figure 5-7:  Change of the diameter of the fire whirl D, with HRR for the 3 in
(77.9 mm) diameter burner.

The FW flame heights were 1.5 to 1.6 times larger than FB flame heights for the same
burner size and HRR, as shown in Fig. 5-8. The error bars indicate the standard deviation
of the sample size across repeat samples. Additionally, the flame heights did not have a
large dependence on the burner diameter. The numerical simulations produced FW flame
heights within the error bars of the experimental data. This validates that the model can
predict similar flame heights to the test cases and indicates that the flame height is not

dependent on the burner size.
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Figure 5-8:  Numerical and experimental FW and experimental FB flame height for
burner diameters and an HRR of 11.1 kW.

In Fig. 5-9(a), the normalized flame heights H* were plotted for the experimental FB
flames, the FW flames, and Heskestad’s correlation for three different HRRs with burner

diameters of 52.5,77.9, 102.3, and 154.1 mm. (2, 3, 4, and 6 in). The experimental FB data

was a close match to Heskestad’s correlation (H/D = —1.02 + 3.7Q*2/5), but not for the

experimental FW data. The following correlation provides the best fit for the FB data:

H* = H/D = —0273 +3.20"*° r2=096  (5-4)

For the FW experiments, the correlation was different by a factor of approximately 1.34,
but it still had a Q* dependence of approximately 2/5. The best fit line for this data in Fig.

5-9(a) is expressed by the following expression:

H* = H/D =4.290°*"° r? = 0.97 (5-5)
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Figure 5-9:  Normalized flame height, H* = H/D, for experimental free burning and

fire whirl data using (a) Heskestad’s Q* correlation, (b) Thomas’s
correlation, and (c) the experimental data of Hartl ez al. (2015).

The normalized flame heights for FB fires and FWs were plotted using the Thomas

correlations (Fig. 5-9(b)) and a similar trend was observed as before. In Fig. 5-9(c), the

experimental data of Hartl et al. (2015) for FB and FW flame heights were plotted

according to Heskestad’s correlation, and comparable trends were observed. Both the FW

data from the present work and the data from Hartl ez al. (2015) are correlated to a power

of approximately 2/5 with a coefficient larger than the FB case. The correlation for the FW
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data from Hartl et al. (2015) was two times larger than that of the FB data.

Chow et al. (2015) established a correlation for H* for pool fire whirls of H* = 3.59Q*2/5.
The experimental data from the present study and that of Chow ef al. (2015) both lead to
similar results. Zou et al. (2017) noted that their FW experimental data was double that
predicted by the Heskestad correlations for FB cases and proposed the following two

equations for the average flame height.

DC(0.370*)P 5-6
InH* = 1n ﬂ(—Q)ﬂ +2.79mInT* (5-6a)
H,
H* = 0.36r*111 (5-6b)

In these equations, H* and Q" are the dimensionless flame height of the fire whirl and the

dimensionless heat release rate. H* = H/H,, where H,, is the dimensionless flame height

for free burning flames, D is the fuel tray diameter, ['* = I'y/gD3 is the dimensionless

circulation, and C and p are constants.

With all these correlations for proposed flame height of FWs, there is still no general
expression established, and many uncertainties remain. In the following sections, the

dependence of the flame height on the heat release rate and gap width will be discussed.

5.2.1. Effect of heat release rate

For a single gap size of approximately 65 = 5 mm wide and 457 mm high, it was observed

that the flame height does not vary significantly with the change of burner size. There is
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more of a dependence on the HRR than the burner diameter, as shown in Fig. 5-10 and Eq.

(5-7). The FW flame heights followed a linear regression with HRR:

H=A-HRR+B (5-7)

in which A4 has a range of 2.70-3.80 and B has a range of 60-66 with correlation coefficient

of 72 from 0.91 to 0.99. The error bars show the standard deviation.
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Figure 5-10: The flame height for different burner sizes and HRRs for fire whirls.

Comparing experiments with and without the hood attached to the top of the FWG, the
trends were determined to remain the same. However, the flame heights increased by 10—
30 % when the hood was removed, as shown in Fig. 5-11(a). The stability of the fire whirl
did not change and remained stable throughout all tests. The slope of flame height vs. HRR
increased without the hood by roughly two times that with the hood, as shown in Fig. 5-
11(b). This demonstrates that the hood constrained the flame heights as the HRR increased,
whereas without the hood the flames were able to get taller. A linear correlation was still

best suited with 7? values of 0.93-0.97 (without the hood). Nevertheless, the FB flame
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heights remained similar whether the hood was present or absent. When comparing the
flame heights of the FWs and FB fires with no hood, FW flames were 1.65 to 2 times
higher. Pinto et al. (2017) also observed the effect of the flow stagnation that is produced
by the presence of the ceiling. All simulations were performed without the presence of a
hood. In all case the simulations underpredict the flame heights and give flame heigh
estimates closer to the measured values with the hood. Nevertheless, the simulations show

the trend with increasing HRR.
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Figure 5-11: Flame height dependence on the hood configuration of the FWG, burner
diameter, and HRR: (a) FW data at 13.9 kW, and (b) FW experiments and
numerical results using 2 in (52.5 mm) and 6 in (154.1 mm) burner
diameters.

Figure 5-11 shows a significant difference in flame height when the chamber does not have
a hood. To investigate whether increasing the wall height of the chamber would also
produce larger flame, numerical simulations were used. Although it is recognized that there
is a difference between the experimental data and numerical predictions, as shown in Fig.
5-11, it is expected that the simulations should provide a reasonable prediction of the trend

when wall height is increased. For the simulations, wall heights of 1.2 m (the wall height
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used in the experiments), 2.6 m, and 4.0 m were used. Four corner gaps were used that
extended all the way to the top of the walls, and the 3 in (77.9 mm) diameter burner was
simulated. The effect of the wall height on flame height was predicted using three different
HRRs of 8.3, 11.1, and 16.7 kW, and the results are shown in Fig. 5-12. The lowest HRR
had less impact on the flame height, but as the HRR increased so did the impact of the wall
height on the resulting flame height. Changing the wall height from 1.2 m to 4.0 m, the FW
with HRR of 16.7 kW had a flame height that changed from approximately 0.76 m to 1.08
m. This is approximately a 42% flame height increase. Therefore, to accurately investigate
FWs with large HRRs, a taller chamber must be used. It is likely that the flame heights of
the smaller HRR FWs were less impacted by the wall height increase because their height

did not approach the top of the chamber.
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Figure 5-12: Predicted effect of the chamber wall height and HRR on the FW flame
height for a 3 in (77.9 mm) diameter burner.

5.2.2. Effect of gap size

The experimental data for the FB and FW cases were plotted using the result of the
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dimensional analysis given by Eq. (2-4) (simplified Heskestad’s correlation). As shown in
Fig. 5-13(a) and (b), the data was found to fit a power law with 72 values of 0.97 and 0.98

for the FB and FW cases.
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Figure 5-13: The dimensional analysis given by Eq. (2-4) plotted for (a) free burning
and (b) fire whirl experiments.

The FW data exhibits a large dependence on air gap width s. A series of experiments were
completed using the 3 in (77.9 mm) diameter burner and an HRR of 11.1 kW to determine
the impact of gap size on the flame height. The results are shown in Fig. 5-14 and Fig. 5-

15. The normalized flame heights were plotted versus S, which is the normalized gap size:

S*=s/L, (5-15)

where L. is the side length of the chamber, and s is the gap width.
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(a) s = 60 mm (b) s =200 mm (¢) s =320 mm
Figure 5-14: The visible flame height at different gap widths s.

As the gap width increased, the shape of the fire whirl changed from a long thin flame with
a semi-constant D, to a shorter flame structure with a changing D,. The larger gap sizes
produced larger D, at the top of the flame and smaller D, closer to the burner, as shown in
Fig. 5-14(c). This behaviour is consistent with higher air entrainment and lower inlet
velocity associated with a larger gap size resulting in a lower circulation. The data was
correlated by a parabolic function with 7> = 0.99 using the following expression (Fig. 5-

15):

H* = —27.565"% + 6.345* + 12.43 (5-16)
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Figure 5-15: Experimental and numerical normalized flame height plotted against the
normalized gap size. Error bars indicate RSME.

The vertex of this function yields a maximum for a gap size of approximately 70 £ 5 mm,
which agrees with the stability tests shown in the following section. This indicates that
more stable FWs have larger flame heights. A stable and strong fire whirl was produced
with an $* of 0.1 to 0.25. To yield a stable FW, the gap size cannot be too small or too
large. However, when the normalized gap size is as large as 0.5 (half of the chamber length)
a fire whirl was still formed but with half the size in height. After this $* = 0.55, the fire
whirl no longer formed and turned into a free burning flame. The simulations results
produced shorter flame heights than the experimental data, especially for larger gap sizes.
It is likely that more resolution would be required for the intermediate gap sizes to make

more accurate predictions due to the increased flow complexity.

Hung ef al. (2021) stated that FWs can only be generated when the gap width lies within a
certain range. The height of their chamber was 1.45 m, and their optimal gap width ratio

was 0.09 to 0.29 in the vertical shaft model with one opening. A linear correlation between
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flame height and mass fuel burning rate can be determined for different liquid fuels. Gao
et al. (2019) studied the effect of gap width with a fixed-frame facility (H. =9 m) with one
opening. They determined that the strongest FW formed when the gap width S* was 0.15—
0.2. They also observed that when the gap width was too small no fire whirl formed and as
the gap grew a fire whirl began to form. The fire whirl became stable at an optimal gap
width and within that range the flame heights were also the largest. As the gap width grew

larger the fire whirl became shorter and unstable.

The next set of experiments examined the influence that the number of air gap openings
had on the fire whirl by varying from one to four inlets (Fig. 3-1(b)—(d)). The air gap was
set to one of three different configurations: fully open (F), comprising 1 220 mm high x 65
mm wide gaps; partially open (P), comprising 457 mm high x 65 mm wide gaps; and
mixed, which used a combination of half and fully open air gaps. Table 5-3 summarizes

the eleven combinations of openings which were tested at two HRR of 8.3 and 11.1 kW.

Table 5-3: Combinations of air gaps tested.

Number of Openings
Combinations
1 2 3 4
F-Fully Open FCCC FCFC FFFC FFFF
P—Partially Open PCCC PCFC FPPC PFPF
C—Closed PCPC PPPC PPPP

As shown in Fig. 5-16, the flame heights did not vary significantly with the number of

openings at a single HRR when a stable FW was formed. The one-inlet partially open case
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at HRR of 11.1 kW, and both one inlet cases at HRR of 8.3 kW, did not produce stable
FWs. This is indicated on the graph both by lower mean flame heights and by larger
variations. All other cases produced stable FWs with similar flame heights. The error bars
were calculated using the RSME method, which indicated the degree of variation. From
these results and visual observations, it was concluded that four-inlet partially open case
was the most stable. The experiments were repeated three times as well as completed with

and without the hood, which showed similar trends in all cases.
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Figure 5-16: Variation of flame height for different inlet configurations with HRRs of
8.3 kW and 11.1 kW using the 3 in (77.9 mm) diameter burner.

The FDS simulations for the number of inlets produced unstable FWs for the one-inlet
partially and fully open gap cases for both HRRs. The two-, three-, and four-inlet partially
open gap cases produced stable FWs with flame heights between 78 and 82 cm. These
results are similar to the experimental data, which corroborates that the flame height is a

weak function of the number of inlets except for the one-inlet case.
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5.3. Flame Temperature

The centreline averaged temperature profiles of the FWs are parabolic with a maximum
between 30 and 50 cm in height. The maximum temperature is close to 1 000 °C and then
decreases steadily with height. Many researchers (Emmons and Ying, 1967; Lei, 2015;
Wang, 2015) have observed the type of “hump-like” profile that is shown in Fig. 5-17(a).
Conversely, the FB profiles decrease as the height increases and have a maximum
temperature of approximately 650 °C. The FW flame temperature is much higher than that
of the FB flame. This follows the experimental data and analysis of Lei ef al. (2015), which
they explained by the reduced mixing between the hot products and the entrainment of cool
air for FWs. Comparing the temperature profiles obtained for different burner diameters,
there is no significant difference, especially in the FW cases. The error bars in Fig. 5-17
depict the root-mean-square error (RMSE) and provide a measure of the variability in the

data due to flame oscillation and precession.
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Figure 5-17: Temperature profiles of FWs and FB fires with HRR of 11.1 kW and 2 in
(52.5 mm) and 6 in (154.1 mm) burner diameters.
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The measured centreline averaged temperatures and simulations results for the FWs using
the 2 in (52.5 mm) and 6 in (154.1 mm) burner diameters are presented in Fig. 5-17(a) and
Fig. 5-18. The simulations underpredicted the flame temperature compared the
experimental data. However, the trend and shape are generally similar in that they produce
the “hump-like” profile and decrease drastically in the plume region. Although stable fire
whirls were formed in the simulations, it was observed that these FWs often moved in and
out of the centreline. It is likely that this increased motion around the centreline led to lower
mean temperature estimates than observed for the experiments. It is likely that the
temperature predictions would be closer to the experimental data if higher mesh resolution

and/or more resolved radiation predictions were used.
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Figure 5-18: Numerical and experimental data for FW centreline temperature profiles
with 16.7 kW HRR for 2 in (52.5 mm) and 6 in (154.1 mm) burner
diameters.

Lei et al. (2015) studied propane FWs in a square-based, fixed-frame apparatus and

estimated the entrainment coefficient with HRRs of 25, 50, 100, 150, 200, 250, and
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300 kW. The values of AT as a function of normalized flame height (Z = z/H, where z is
the height above the burner outlet) indicate that the end of the continuous flame occurs at
Z=0.77, ie., at 77 % of the average flame height. At this point, AT~ 1 000 °C (1 273 K).
The intermittent region occurs in the range of 0.77 < z/H < 1.22, and they state that
AT ~Z~17% In the plume region, z/H > 1.22, Lei et al. (2015) plotted different HRRs, which
resulted in slopes between —1.51 and —0.09. In the present work, the continuous flame
region is from 10 to 50 cm for FW and 10 to 30 cm for FB. The intermittent region for FW
is 70 to 100 cm and 50 to 70 cm for FB. The plume regions are 110 cm and above for FW

and above 70 cm for FB.

Fig. 5-19(a) displayed the slope for the continuous, intermittent and plume region for the
FW flame, which are 0.24, —1.42, and —1.85. If the plume region was spilt into the different
HRR and plotted with Lei et al. (2015) data (Fig. 5-19(b)), the data provides two different
slopes. The HRR with 10 to 20 kW and 5 to 10 kW in this work are similar to the HRR of

Lei et al. (2015) at 200 to 300 kW and 100 kW.
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Figure 5-19: Centreline temperature profiles for FWs versus the normalized height z/H.

Figure 5-20 shows the comparison of the flame temperature at the centreline between FW
and FB fires. Like Grishin (2005), the FW flame is approximately 1.2 times greater than
the FB flame in the core (10 cm). Due to the intermittent and plume regions being at
different heights, the difference between the flame temperatures increased rapidly. The
maximum flame temperature for the FW was approximately 1.3 to 1.6 times greater than
the FB flame. The FW maximum flame temperature occurred between 30 to 50 cm,

whereas the maximum FB flame temperature occurred between 5 to 10 cm.
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Figure 5-20: Comparison of FW and FB flame temperature at 11.1 kW.

Zukoski et al. (1981a, b) determined another method used to estimate the flame height by
using the axial centreline temperatures from the experiments. The edge of the visible flame
height corresponds to an average centreline temperature of approximately 500-550 °C. His
study was for FB flames; however, Fig. 5-21(a) shows an example of this method used on
a FW flame. The flame height in this example would be approximately 90 = 10 cm. Since
the thermocouples are spaced by 20 cm, the temperatures that fall within the range can be
interpolated, but this is a rough estimate. Fifteen random FW experiments were chosen
with different HRR and burner diameters, and the flame heights estimated using image
processing and temperature interpolation were compared. This comparison is shown in Fig.
5-21(b). Comparing the two methods reveals general agreement. Thus, there is general
agreement between visual observations and flame temperatures, further validating the
results. This is a good method to determine if there is general agreement between

temperature measurements and visual flame height..
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Figure 5-21: (a) Interpolation of the flame height from axial temperature profile data at
the centreline. (b) Comparison of flame heights obtained through
temperature profile interpolation and image processing.

5.3.1. Effect of heat release rate

Plotting the temperature according to McCaffrey (1979), the effect of the heat release on
the temperature was determined. The plume region is a focus as it provides useful
information for fire detection and smoke movement (Drysdale, 1992). Figure 5-22 shows
the free burning centreline temperature plotted according to McCaffrey’s (z/Q*°)

correlation.

¢ 2, \21-1
AT, = ; T 5-17
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According to McCaffrey, the constants ¢ and 1 for the continuous, intermittent, and plume
region are 6.8 [m"?>s'] and %5, 1.9 [mkW-'® s'] and 0, and 1.1 [m*? kW13 s7'] and -'/5.
The range of z/ 0?%/5 [m kW3] for the continuous region is < 0.08, the intermittent region
is 0.08-0.2, and the plume region is > 0.2. Each region is given a slope (1) plume,

intermittent, and continuous with n of 0, -1, and -/5 respectively (Drysdale, 1992). The
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experimental data for the free burning flames was plotted, (Ty — Ty) vs. z/Q?/5, and the
three regions are shown in Fig. 5-22. McCaffrey stated the coefficient for the power is 0, -
1, and -1.67 for the continuous, intermittent, and plume regions. For the FB data, the

coefficients were very similar and equal to 0.03, -1.16, and -1.76 respectively.
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Figure 5-22: Centreline temperature difference plotted according to McCaffrey's
correlation for the FB flame.

When the FW flame temperatures were plotted against z/Q?/5, the coefficient for the
continuous, intermittent, and plume regions were 0.26, —1.14, and —2.25, as shown in Fig.
5-23(a). The data were very scattered and did not correlate well. When the flame
temperature was plotted against Q*, the regression coefficient went from 72 of 0.7 to 0.9

with power coefficients of 0.18, —2.08, and —1.97, as shown in Fig. 5-23(b).
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Figure 5-23: Centreline flame temperature for FWs plotted against (a) z/Q%* and (b)

Z/Q4/5.

The temperature distribution as a function of z in the intermittent flame for FB is known to

be correlated by AT~z~1, and the plume region is correlated by AT~z~17 with an 72 of

0.99. Conversely, as shown in Fig. 5-24, the FW plume temperature gives AT~z =37, which

means the temperature cools faster with height above the flame in the FW situations.
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Figure 5-24: Centreline FW flame temperature plotted against z in (a) the plume region

and (b) the intermittent region.
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5.3.2. Effect of number of gaps

The temperature fluctuation can be related to the stability, with less fluctuation leading to
higher mean flame temperatures and less variability in the temporal temperature data.
Figure 5-25 shows temperature over 200 s for the continuous and intermittent regions. The
1- and 2-inlet cases with full gaps have more oscillation in the data than the 3- and 4-inlet
data. Only the 1-inlet half gap case exhibited FB-like qualities as the flame temperature is
much lower than all the others. However, it is important to note that the 2-inlet half gap
case was unstable at times, which can be seen by the oscillation in temperature data (Fig.
5-25(d)). Nevertheless, the average flame temperatures for all cases were consistent, and

no strong dependence on gap number was observed.
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Figure 5-25: Centreline temperature profiles with different number of openings: (a)
continuous region for full gap case at 11.1 kW, (b) intermittent region for
full gap case at 11.1 kW, (c¢) continuous region for half gap case at 8.3 kW,
and (d) intermittent region for half gap case at 8.3 kW.

Further analysis of the 4-inlet experiments with different gap openings—full, mixed, and
half—is shown in Fig. 5-26. There was not a large difference in the centreline temperature
profiles as the gap sizes changed with no major fluctuation in data. The intermittent region
produced the most oscillations, which was explained by Drysdale (1992) to be caused from

the instability at the boundary layer between the fire plume and the surrounding air. The
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oscillation in the intermittent region can determine the rate of air entrainment into the flame
(Zukoski, 1981). Visually, at the intermittent region, the flame was rising upwards through

the plume and burning out, which produced ghost flames.
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Figure 5-26: Comparison of centreline temperature in the three regions of a FW flame
with HRR of 11.1 kW for half, mixed, and full gap cases. Temperatures
are plotted at heights of 30 cm (continuous), 70 cm (intermittent), and 110
cm (plume).

Figure 5-27 shows the measured and simulated centreline temperature profiles. Similar to
the measured temperature the 2- and 3-inlet cases produce similar temperature. The
simulation unpredicted the temperature for these cases, but overpredicted the temperature

for the 4-inlet case. The measured peak temperatures in all three cases were very similar.
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Figure 5-27: Numerical and experimental centreline temperature profiles for 2-, 3-, and
4-inlets with half gap with 11.1 kW HRR for 3 in (76.2 mm) burner
diameter.

5.3.3. Effect of chamber configuration

The effect of the chamber’s hood is discussed in more detail in this section. As shown in

Fig. 5-28, the FB flame temperatures did not differ significantly whether the hood was

there or not.
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The centreline temperature profile for FB flames without the hood (No
hood) and with the hood (Hood): (a) burner diameter of 6 in (152.4 mm) at
8.3 kW HRR, and (b) burner diameter of 3 in (77.9 mm) at 13.9 kW.

Figure 5-28:

The FW centreline flame temperatures differed in the continuous and plume regions. In the
continuous region, the flames produced with the hood were hotter flames than those
produced without the hood. At higher HRRs, the difference was not as significant as at the
lower HRRs. In the intermittent region, the flame temperatures were similar, but the flames
produced with the hood were less hot. In the plume region, the difference between to two
flame temperatures grew further apart, with the flames produced with no hood being
greater than those produced with a hood. The cause of these differences is that, in the
continuous region, the mixing is more pronounced when the hood is present, which results
in a higher temperature, as shown in Fig. 5-29. The difference in plume region is due to the
flame height being larger when the FWs are formed without a hood, which was discussed

in section 3.2.2.

All simulations were performed without the presence of a hood. The measured

temperatures with no hood agreed more with the predicted simulations. At the flame core,
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the temperature is much lower and as the height increases the temperature rapidly increases
to a peak. Although the simulation unpredicted the peak the trend once again is similar to
the experimental data. By increasing the wall height, the simulations predict that the flame
temperature also increases. The increase in the wall height generally leads to a more stable
FW, which means that the temperature probe locations are exposed to the flame over more

of the time, thereby leading to a higher mean temperature. As the wall height is increases,

the flame also becomes taller and has a smaller diameter.
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Figure 5-29: Comparison of FW centreline flame temperature data (a) measured (EXP)
and predicted (NUM) using a burner diameter of 3 in (77.9 mm) at
11.1 kW, and (b) measured data using a burner diameter of 4 in
(102.3 mm) at 11.1 kW.

5.4. General Discussion
This study focused on developing a deeper understanding of the fire dynamics for different
apparatus configurations and operating conditions. The experiments in this chapter were

performed using propane as the fuel to study the effect of inlet gap size, number of gaps,

and heat release rate on fire whirl dynamics and stability in a fixed-frame FWG.
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The factors that did not significantly affect the flame height and temperature were the
burner diameter and the change in number of inlets as long as a stable FW was formed.
The factors that did affect the flame height were HRR, the presence or absence of hood
above the chamber, the gap size, and the wall height of the chamber. The flame heights
increased linearly with the HRR: H = A-(HRR) + B. When the hood was present, the
flame heights were noticeably (10-30 %) shorter. The gap width affected the flame height
and stability significantly. It was determined that the tallest and most stable FWs were
produced using a gap width of approximately 70 + 5 mm. Changing the gap height from
the partially open to the fully open gap significantly affected the 1-inlet case. However, for
all other cases there was only a small change in results. It was observed that if the bottom
of the inlet was blocked off, no FW would form. Thus, if a half gap configuration is chosen,

the top must be covered while keeping the bottom open.

Most simulations produced a stable FW after 15 s and predicted similar flame heights and
trends to the experimental data. This helps to build confidence in the model. However, it
is important to recognize that flame temperatures were usually underpredicted, likely due
to greater movement of the flame as well as limitations on the heat transfer and burning
rate models. The model was used to predict the effect of the chamber wall height on the
flame height and centreline flame temperature. The results showed a significant increase
in flame height and centreline temperature for increasing wall heights. At higher HRR, the
flame height grew by more than 40% for a wall height change from 1.2 m to 4.0 m. For

smaller HRR, little impact of the wall height was observed.
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The trends found using a propane fire source will help differentiate between inherent
dynamics caused by the fire whirl and dynamic effects related to the shrinking solid

structure when analyzing crib fires in future studies.
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Chapter 6: Dynamics of Wood Crib Fire Whirls

Previous researchers have used wooden cribs to study the growth and propagation of FB
fires because crib fires are relatively inexpensive and convenient. The earliest systematic
study of crib fires was by Gross (1962), who studied non-propagating crib fires using
Douglas fir with 9.2 % moisture content. Block (1970) also studied non-propagating crib
fires using mainly ponderosa pine, and some experiments with birch, Idaho pine, sugar
pine, maple, oak, and redwood. Gross (1962) proposed two regimes: the loosely packed
regime in which the burning rate is independent of the height and porosity, and the densely
packed regime in which the burning rate is a function of height and of porosity. Many other

researchers, including this study, examined propagating crib fires.

Thomas (1960) has shown that fire spread within wooden cribs follows the same
mechanism as fire spread in cities and forests in the absence of high winds. In this work,
the dynamics of square-based, wood crib fires were investigated in a small-scale, square-
base, fixed-frame apparatus. For fire whirl (FW) experiments air was admitted through
gaps at the four corners of the apparatus, whereas for the free burning (FB) cribs the front
and rear walls of the enclosure were removed. For the experiments presented in this study,
the air gap was set to 450 mm high x 65 mm wide, which, as noted in Section 5, gave stable
FWs. Each crib was built by gluing n square cross-section sticks per layer of thickness b =
6.35, 12.7, and 19.05 mm and lengths [ = 76.2, 152.4, and 228.6 mm with equal spacing s
between each stick, shown in Fig. 6-1. All cribs had an aspect ratio (stick length/thickness)
of 12. The variation in n resulted in cribs with different porosities €. Each crib had a total

number of layers N = 6, giving heights & = 38.1, 76.2, and 114.3 mm. The geometrical
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details of the cribs are given in Table 6.1. The formulae for calculating the total cross-
sectional area of the vertical shafts, i.e., the vent area A4,, total exposed initial surface area
of the fuel 4, and the total area of the openings on one side of a crib Ay, are given in

Appendix A.

Each crib was placed on a platform flush with the base of the FWG and had a small central
ignitor cup, equivalent to 10 % of the crib base area. Ethanol and a wick were placed in the
central ignitor cup and used to initiate each propagating fire. Forty-three FB crib fires and
fifty-three FW crib experiments were conducted. All tests were propagating crib fires

ignited at the centre and burned from the lower layer to the upper layer.

(a) (b)

Figure 6-1:  Picture of the experimental wooden cribs built with four sticks per layer:
(a) top view, and (b) side view.
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Table 6-1: Summary of crib configurations used in the FW and FB experiments.

n/[-] [/[mm] s/[mm] Ayl [m? As/[m? A/ [m?] e/ []

3 76.4 28.6 0.0033 0.0029 0.033 0.75
4 76.4 16.9 0.0026 0.0025 0.042 0.67
5 76.4 11.1 0.0020 0.0022 0.050 0.58
6 76.4 7.6 0.0015 0.0019 0.058 0.50
7 76.4 53 0.0010 0.0016 0.065 0.42
3 152.4 57.2 0.0131 0.0057 0.12 0.75
4 152.4 33.9 0.0103 0.0051 0.16 0.67
5 152.4 22.2 0.0079 0.0044 0.19 0.58
6 152.4 15.2 0.0058 0.0038 0.22 0.50
7 152.4 10.6 0.0040 0.0032 0.25 0.42
4 228.6 0.005 0.0232 0.0076 0.36 0.67
5 228.6 0.003 0.0178 0.0067 0.43 0.58
6 228.6 0.002 0.0131 0.0057 0.50 0.50

6.1. Free Burning Cribs

The flame heights, burning rates, flame spread rates, and centreline temperature profiles
were measured for FB propagating crib fires. The experimental data were analyzed and
discussed using dimensional analysis and non-dimensional parameters to find suitable

correlations. This follows the work of Thomas (1960), Smith and Thomas (1968), Fons et
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al. (1963), O’Dogherty and Young (1964), Pegg (1980), and McAllister (2015). The results

from this study were compared with the experiments completed by these researchers.

6.1.1. Burning rates

The burning rate of wood cribs is controlled by the number of sticks present within the crib
(loosely or densely packed), the structure of crib, the exposed surface area, the ignition
method and position, the type of wood used (including the moisture content), and the air
supply from the room (Xu et al., 2008). The progression of a 6 in FB crib fire with n =5 is
shown in Fig. 6-2. For a propagating crib fire ignited at the centre of the base, the fire
spreads vertically and radially from the point of ignition. The phases relative to the burning
rate are as follows: (a) shows the flame appearing from the surface of the crib above the
point of ignition; (c) is the point at which the radial fire spread has reached the outer edges
of the crib; (d) is where the maximum burning rate occurs during the quasi-steady burning
period; (e) shows a point where the height of the flame is decreasing as the burning rate
decreases; and (f) shows the decay of the fire as the crib structure begins to collapse prior

to burnout of the embers.
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Figure 6-2:  Progression of a FB 6 in crib fire with n = 5 showing the relationship
between the burning rate of the crib and the visual appearance of the fire.

The burning rates for 3, 6, and 9 in cribs were plotted against the number of sticks per layer,
as shown in Fig. 6-3. Table 6-2 provides parameters for the fitted correlations shown in

Fig. 6-3. The correlation is of the form . = an? + bn + c.

e 3inch
e 6inch

9inch

35 |

15 | 2

Burning rate [g/s]

0.5 [

Sticks per layer [-]

Figure 6-3:  Burning rate of 3, 6, and 9 in FB crib plotted against the number of sticks
per layer.
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Table 6-2: Parameters for the burning rate correlations shown on Fig. 6-3.

3-inch 6-inch 9-inch
a -0.0238 -0.0371 -0.233
b 0.237 0.510 2.63
c -0.202 -0.0154 -4.05
r 0.94 0.89 -

Crib burning rates are often correlated against the characteristic areas of the crib: 4, 4., or
Aso. Burning rate data for replicate tests of the FB crib fires was plotted according to the
correlation of Smith and Thomas (1970) and increased linearly with high correlation
coefficients (#> = 0.96 and 0.99). The plot is shown in Fig. 6-4(a) on logarithmic scales,

which correlates the data according to the following equation:

The correlation produced has three distinct lines, one for each crib size. If all the FB tests

were plotted as a single set, a lower correlation coefficient of 0.82 is obtained (Fig. 6-4(b)).
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Figure 6-4:  The FB crib burning rate data plotted according to the correlation of Smith
and Thomas (1970).

Use of the grouping ™ _ has a physical significance since upward velocities within the
Avh phy g p

crib are determined by buoyancy and inertia; thus, the volumetric flow rate moving

vertically up the vent openings is proportional to A,,VAh. In an attempt to collapse the data

as a single line, % was multiplied by b and plotted against (i—s), as shown in Fig 6-5(a).

Thus, the following correlation is obtained:

m A" (6-2)
Zr ()
Ay\/ﬁ AU
Plotting the data according to Eq. (6-2) brought the 6 in and 9 in crib data on the same line,
but the 3 in cribs still did not align, as shown in Fig. 6-5(a). The 3 in cribs were the most
densely-packed, and those with n = 6 and 7 produced a significant amount of smoke at the
beginning of the fire growth. This is to be expected as the loosely- and densely-packed

cribs follow different burning rate regimes (McAllister, 2015).
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Several other researchers have studied propagating crib fires. O’Dogherty & Young (1964)

burned white pine with 12% moisture content. Pegg (1980) burned ramin (gonystylus

warbariganus), a Malayan hardwood. Smith and Thomas (1970) analyzed Webster’s

unpublished data but did not state the moisture content.
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The burning rate data plotted against different areas.

1000

When the smaller cribs (/ < 3 in) were removed, and the data were plotted against the other

propagating crib burning rates from literature according to Eq. (6-2), all the data converged,

and the data was correlated as shown in Fig. 6-5(b). The following parameters in Eq. (6-2)

were obtained through regression:
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Reference k a r

O’Dogherty &Young (1964) 0.963 0.60 0.90
Pegg (1980) 0.179 1.18 0.93
Webster (unpublished data) 0.597 0.77 0.89
This work 0.62 0.843 0.99

Crib burning rate data has been shown by Yamashika and Kurimoto (1975) to be correlated
with the total initial exposed surface area 4. Figure 6-6 confirms that the burning rate has

the strongest dependency on 4,, where all the available burning rate data for propagating

crib fires was plotted.
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Figure 6-6:  Correlation of FB propagating crib burning rates.

6.1.2. Flame heights

The flame height is often correlated against the HRR and the HRR is a function of the

burning rate. Furthermore, with crib fires a fraction of the energy from combustion is
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utilized to heat up the fuel elements and bring about gasification of the solid fuel. The
fraction of energy required for this depends upon the crib geometry, wood species, and

moisture content. In this case, the actual HRR is calculated from the following expression:

(HRR)actual = mnAHc (6'3)

where AH, is the heat of combustion, and 7 is a measure of the ‘efficiency’ or fraction of
the HRR that contributes to the flame. Heskestad (2016) measured the “combustion
efficiency”, i.e., the ratio of the actual HRR to the theoretical HRR for a stack of wood
pallets and obtained a value of approximately 0.63. Wood pallets have some similarity to
cribs in that they are constructed and stacked to give a fixed opening (porosity). The
combustion efficiency depends on the crib structure because this determines the rate of air
flow into the crib. Zhang et al. (2015) found 7 to equal 0.8, whereas Wang et al. (2001)
stated the combustion efficient to be 0.7 for 10 % moisture content. Both data were reported

to be accurate within + 15 %.

Dalhousie Mineral and Resources Lab measured the higher heating value (HHV) for the
yellow popular used in this study and then it was corrected to calculate the lower heating
value (LHV) based on literature values for the ultimate analysis, which corrects the H-
content and the moisture content and resulted in 17.76 MJ kg!. Using this value, an
estimated “theoretical HRR” can be calculated by multiplying the LHV by the burning rate.
Using this HRR value, the Heskestad Q* correlation can be plotted with the normalized
flame height (H/D). This correlation produced significant scatter in the data and did not

correlate as well as it did for the gaseous FB flame. Interestingly, the Q* correlation
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produces a power of approximately 2/5, which was the predicted value of Heskestad for

free burning liquid and gas fires (Fig. 6-7).
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Figure 6-7:  Flame height correlated using Q * for FB cribs.

The flame height data was correlated with a parameter that affects the air flow rate into the
crib. The ratio of //n controls air flow rate into the crib structure and the quadratic
relationship arises because of the dependence of the pressure drop being a quadratic
function of the air velocity. Thus, a correlation of the form of H = a(l/n)? + b(l/n) + ¢

was used, as shown in Fig. 6-8 and Table 6-3.
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Figure 6-8:  The flame height for FB cribs vs. //n and n.
Table 6-3: Correlations for flame height for FB cribs as a function of //n.
3-inch 6-inch 9-inch
a —8.39 -2.79 -2.69
b 33.0 12.7 26.3
c 7.29 53.5 16.3
r? 0.92 0.86 0.95

Interestingly, when plotting the flame height against the number of sticks per layer, it

resulted in a better correlation coefficient, as shown in Table 6-4.
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Table 6-4: Correlations for flame height for FB cribs as a function of the number of
sticks per layer.

3-inch 6-inch 9-inch
a —0.897 —2.91 5.8
b 7.81 34.1 57.4
c 21.9 —29.8 -59.3
P 0.96 0.907 0.997

The flame heights increased with the number of sticks until it reached a peak, which for all
cases was approximately 5 sticks per layer. Both flame heights for 6 and 9 in cribs have a
larger dependence on the number of sticks per layer than the 3 in crib. Calculating the
maximum flame height from each set—38.9, 70.1, and 82.7 cm—as the length of crib grew
so did the flame height. If the flame height was instead calculated from the top of the crib,
hr as shown in Fig. 6-9, the maximum flame heights were reduced to 35.1, 62.4, and

71.2 cm.

9-inch 6-inch 3-inch
Figure 6-9:  The difference between H and Ay for the three crib sizes.
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Plotting the average flame height 4 against crib length /, a power correlation is obtained
with 72 > 0.90, as shown in Fig. 6-10. Figure 6-10 shows that the flame height has a strong
dependence on the crib length /, whereas the FB gaseous flame was not dependent on the

burner size.
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Figure 6-10: Average flame height /4, plotted against crib side length /.

Another method to analyze the dimensional flame height of FB cribs was proposed by
Thomas (1962) and discussed in Chapter 2 (Eq. (2-35)). Thomas (1962) used data on
Douglas fir obtained by Gross (1962) at the National Bureau of Standards, spruce obtained
at the Joint Fire Research Organization (JFRO), and data from Fons et al. (1963) for white
fir obtained at the US Forest Service (USFS). Gross used cribs that were cubical, whereas
Thomas and Fons used shallow-height cribs, and measured the flame height from the base
of the crib. Furthermore, Gross placed his cribs above a base plate that allowed air to enter

from the bottom of the cribs through the vertical shafts, whereas the JFRO and USFS
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experiments placed the cribs on a solid surface, thus only admitting air through the side

openings.

The flame height correlations are shown in Fig. 6-11 for the data sets of Thomas (1962)
and Fons et al. (1963), which produced a better correlation coefficient (2 = 0.95 and 0.91)
than the FB data set from this work (+* = 0.79). However, this difference could be due to
having a smaller range of data, whereas Thomas did experiments with a larger range of
H/D. This dimensional correlation can be a great predictive tool for FB solid fuel flame

heights if the burning rate and the length/diameter are known.
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Figure 6-11: Correlation for flame heights of FB cribs.

Comparing the nondimensional flame height correlation of Heskestad with the correlation
of Thomas (Eq. (2-35)) shows that the Thomas correlation is a better fit for solid fuel,
which may be why Heskestad only proposed using the Q* correlation for liquid and

gaseous FB flames.
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6.1.3. Flame spread

Fire spread is the process where an unburned fuel surface is heated up by hot combustion
products, eventually igniting it. As the fire spreads, propagation of the flame causes the
burning surface area to increase. Typical flame-front position issuing from the top surface
of the crib from the videos for the FB propagating crib fires is shown in Fig. 6-12 at various
times. The fire spreads from the central ignition source to the outside of the crib in a

stepwise manner as it transitions from one vertical shaft to the next.

EEnNeEN
mE S

20s 87 s 163 s 198 s
Figure 6-12: Images showing progression of fire spread through a FB 6 in crib (n = 6).

The 3 in cribs produced very similar spread rate results for » =4 and 5 and » =6 and 7.
This is to be expected because the crib is small, and therefore changing the number of sticks
results in only a small change in the spacing area. Conversely, for the 6 in cribs the spread

rates vary greatly fromn=3ton="7.

Figure 6-13 shows the fire spread rate data ug plotted against [/n for the FB crib

experiments. Figure 6-14 shows flame spread in the three crib sizes for n = 4.
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Figure 6-13: Spread rate plots for free burning cribs.

Delichatsios (1976), in his study of fire growth in oven-dried sugar pine wood cribs, found
that u; = 0.045(1/n) when the data was extrapolated to the origin. The data collected for

FB cribs in this study showed the following relationships:

3-inch us = 0.025(1/n)
6-inch us = 0.0105(1/n)
9-inch us = 0.006(1/n)

The most likely reason for the lower fire spread rates is that the cribs used in this study had
approximately an 8 % moisture content whereas those of Delichatsios (1976) were oven-
dried. A secondary reason for the differences could be due to the difference in the

thermophysical properties of the different wood types.
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Comparing the slopes of the spread rate data for the three cribs, the ratio for 3 to 6 in cribs
is 2.36 and ratio for 6 to 9 in cribs is 1.75. These two ratios divided equals 1.3 and dividing
the ratio of length 6/3 by 9/6 results in the same value of 1.3. Hence, the spread rate is

inversely proportional to the length scale.

C S L N
O C

Figure 6-14: Flame spread within the three crib sizes with n =4: 3 in crib (left), 6 in
crib (middle), and 9 in crib (right).

6.1.4. Flame temperature

The raw centreline temperature data for the 6 in crib with n = 5 and 7 are shown in Figs. 6-
15(a) and (b) for the FB crib fires. The flame reached the height of the lowest thermocouple
(T2) at 45 s and 100 s for n =5 and n = 7, respectively. At 80 s and 200 s the flame began
to fluctuate around T3 (30 cm) for » =5 and 7. The flame had fully spread at 100 s with a
flame height of approximately 30 cm for n =5, whereas for n =7, the flame had fully
spread at 420 s with an approximate flame height of 50 cm. For the n =5 case, the flame
height fluctuated between 30 and 60 cm (T3-T4) with no consistent maximum flame
height. This can be seen as there are more than one peak on the graph. For the FB crib fire
with n =7, the flame height fluctuated between 50 and 70 cm (T4-T5) with many peaks.
The significant fluctuations of the temperature data are also due to ghost flames associated

with the FB crib fires.
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Figure 6-15: Centreline temperature profiles over time for (a) 6 in crib with n= 5, (b) 6
in crib with n = 7, (c) 3 in crib with n = 5, and (d) 9 in crib with n = 5.

Radiation from a crib fire is partially conserved within the structure and likely has an
impact on centreline temperature. The 3 in cribs produce a small flame that wanders
significantly about the thermocouple. Due to this wandering, the response time of the
thermocouple means that measured temperature of the flame lags behind the actual

temperature. Furthermore, the rate of heat transferred to the thermocouple changes over
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time. Therefore, the recorded temperature profile is less than expected, as shown in Fig. 6-

16.

900

—e—FB_3 inch
' FB_6 inch
700 | FB_9 inch

800 [

0 50 100 150 200
z[cm]

Figure 6-16: Centreline temperature profiles for 3, 6, and 9 in cribs with n = 5.

The centreline temperature was analyzed as a function of height for all the crib structures
by normalizing the heights (Z = z/H), where z is the heightabove the base of the
crib, and then plotting on logarithmic scales. This analysis shows the trends within the
continuous flame region, intermittent region, and plume region. In all cases for the FB crib
fires, the centreline temperature decreases with Z, as seen in Fig. 6-17. When normalizing
the heights, the data shows that as the crib length increases the centreline temperature
values merge. Therefore, less dependence on the number of sticks per layer is observed as

the crib size increases.
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Figure 6-17: Centreline temperature plotted as a function of the normalized flame

6.2. Fire Whirl Cribs

Following the same format as the analysis for the FB crib fires, the flame heights, burning

rates, flame spread rates, and centreline temperature profiles were investigated for

propagating FW crib fires.

height for all three crib sizes.

112



6.2.1. Flame heights

The fire whirl begins to precess at 5 — 25 s, except for the 3-inch crib with n = 7, where it
took 120 s for the FW to begin. In this case an abundance of smoke was produced, and the
smoke began to whirl. The crib also needed to be supported above the platform on two
sticks, which raised it by 6.35 mm, as the side openings did not allow enough air for

combustion (see Fig. 6-18).

Figure 6-18: The smoke forming for the 3 in crib FW with n = 7 at 25 seconds.

The duration of precession varies greatly for each crib size. The time the FW flame took to
precess was a lot longer in crib fires than in the gaseous FWs. In some cases it took up to
120 s for a stable fire whirl to form. The duration of stable FWs for different cribs is shown
in Table 6-5. The 3 in cribs produce less heat than the 6 and 9 in cribs. Therefore, they took
a longer time to form a stable whirl because it took longer to heat the walls of the FWG.
The average precession time was approximately 170, 99, and 100 s for the 3, 6, and 9 in

cribs.
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Table 6-5:  The duration of a stable FWs for different crib configurations.
3-inch 6-inch 9-inch

[s] [s] [s]
2.5 135 150

11.5 160 220
23 203 245
34 163 385
64 300 -

It is important to note that, when a stable FW was formed for the 3-inch crib, it only lasted
2-23 s forn =3, 4, and 5. The reason for this short FW duration is that most of the fuel has

been consumed before FW formation, as shown in Fig. 6-19.

(a) (b)
Figure 6-19: The 3 in crib with n =5 (a) forming a stable FW and (b) close up view of
the crib.

The ratio of //n controls air flow rate into the crib structure and a power relationship arises

when plotting the flame height against this parameter, as shown in Fig. 6-20(a). When
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plotting the flame height against #, a linear correlation was produced, as shown in Fig. 6-
20(b). This was different for the FB crib flame heights, which yielded a quadratic
correlation in both cases. Figure 6-20(b) shows that, the more fuel a FW crib has, the larger
the flame height formed. No maximum value of 7 can be identified, but the slopes indicate
the rate at which the flame height increases per number of sticks. These correlations do not
have an intercept as they would have no physical meaning. The slopes for the 9 in, 6 in,
and 3 in cribs in Fig. 6.20(b) are mg, mg, and mg. Their ratios are mq/ms; = 2.13,
mg/ms = 1.79, and mg/mg = 1.18. This indicates that, as the crib length and size

increase, the ratio of the slopes decreases.
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Figure 6-20: Flame height for crib FWs for all three crib sizes plotted against (a) //n and
(b) n.

To determine if the crib height 4 had a significant impact on the average flame heights H,
the height of the crib was subtracted from the average flame height (H -h= hf), as shown

in Fig. 6-21.
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Figure 6-21: The three crib sizes showing the 4y measurement: 9 in crib (left), 6 in crib
(middle), and 3 in crib (right).

Figure 6-22 proves that the flame height is dependent on the crib length (size), whereas the
gaseous flame heights were not dependent on burner size. However, there was no
difference in the trends between plotting H or Az Due to the chamber wall height effect
observed for propane FWs in Chapter 5, the 6 in crib flame height could be producing
similar heights to the 9 in crib. The 9 in cribs would likely have produced larger flame

heights if the chamber walls were higher.
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Figure 6-22: Flame height above the crib /7 vs. [ correlations for crib FWs with 3, 6, and
9 in cribs.

The maximum FW flame heights Hux are plotted in Fig. 6-23 against the number of sticks
per layer n, which produced a strong linear correlation (* = 1 and 0.92). The difference
between H.qxand the average flame height (Hax — H) was 15-26 cm for the 3 in cribs, 15—

32 cm for the 6 in cribs, and 15-27 cm for the 9 in cribs.
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Figure 6-23: Maximum flame height plotted against number of sticks per layer for 3, 6,
and 9 in crib FWs.
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For all crib sizes, the difference between average and maximum flame heights for n =3
was consistently 15 cm larger, and n = 7 produced the largest difference. The maximum
peaks may only last 1-2 s, but it is still important to note the large maximum flame heights

that they can produce.

As before, the maximum HRR was calculated by multiplying the FW peak burning rates
by LHV. Following Heskestad, normalized flame height (H/D) was plotted vs. Q* for the

6 and 9 in cribs, as shown in Fig. 6-24.

10

H/D [-]

1 10

Q* []

Figure 6-24: Normalized flame height plotted against Q* for 6 and 9 in crib FWs.

Although the exponent was not 2/5, the plot produced a much better 7? value than for the

FB data. Comparing it to the propane FW flame height given by Eq. (5-5) (H/D =

4.29Q*2/5), the crib FWs produced half of the constant in front. The correlation is given

by the following expression:
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H .
o= 2270 ”=0.912 (6-4)
The correlation that Thomas proposed for H/D did not work well for the FW crib data (Eq.

(2-35)).
6.2.2. Burning rates

The maximum burning rate occurs after the maximum flame height, which is shown in Fig.
6-25. The maximum flame height of the 3 in cribs consistently peaked closest to the peak
burning rate, as shown in Fig. 6-25(c). This is due to the 3 in cribs not being able to form

a stable FW until the chamber is sufficiently heated.
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Figure 6-25: The burning rate and flame height over time for all three cribs with n = 6.

The progression of a crib FW with n =5 is shown in Fig. 6-26. The phases relative to the
burning rate are as follows: (a) shows the onset of precession where the flame wanders
around the internal structure of the crib; (b) is the point at which a stable FW is formed; (c)
is when the fire has propagated to the edge of the crib; (d) is where the maximum burning
rate occurs during the quasi-steady burning period; (¢) shows a point where the height of
the FW is decreasing as the burning rate decreases; and (f) shows the decay of the FW as

the crib structure begins to collapse. This is followed by a period of embers during the tail
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end of the burning rate curve. Although there is no longer a visible FW, small glowing

particles can be seen swirling upwards from the embers.

Burning rate (kg/s)

0 100 200 300 400 500
Time (s)

Figure 6-26: Progression of a crib FW with n = 5.

The burning rate was plotted against //n, and a strong power correlation was produced.
When plotted against only 7, a strong linear correlation was formed for all three crib sizes,

as shown in Fig. 6-27.
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Figure 6-27: Burning rate of 3, 6, and 9 in crib FWs plotted against (a) //n and (b) sticks
per layer n.

Plotting the burning rate according to the Thomas correlation (Eq. (6-1)), a similar result
was obtained as for the FB data, which can be seen in Fig. 6-28(a). Each of the crib sizes
produced three different power correlations with 2 > 0.99. Using Eq. (6-2) to obtain one
correlation for the 6 and 9 in cribs provides the result shown in Fig. 6-28(b). Once again,
the 3 in crib did not coincide with the 6 and 9 in cribs and was plotted separately. Both

correlations yielded 2 > 0.997.
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Figure 6-28: Burning rate correlations (a) using the form of Thomas and Smith and (b)

using the new correlation.

When plotting the burning rate against Ay, another strong correlation was produced

(r* = 0.965); thus, the burning rate for crib FWs also has a strong dependence on A4, shown

in Fig. 6-29.
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Figure 6-29: The crib FW and FB burning rates plotted against 4.
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6.2.3. Flame spread

Typical flame-front position issuing from the top surface of the crib vs. time data taken
from the videos for the crib FWs is shown in Fig. 6-30. In the FW experiments, transition
to a FW is not established until the air entrainment rate is sufficiently high to cause a strong
swirling motion. Prior to formation of the FW, the flames rotate at the base of the crib due
to the slow circulation of air in the chamber. Figure 6-30 shows images of the flame

transitioning from the left side (LS) to the right side (RS) during the early stages of the test.

66 s (LS) 69 s (RS) 75 s (LS) 77 s (RS)

82 s (LS) 84 s (RS) 88 s (LS) 102 s (RS)

Figure 6-30: Images showing the progression of fire spread through a 6 in crib with
n = 6 and flame rotation at the base prior to formation of a FW.

One of the factors that increases the spread rate for an FW and makes it different from an

FB crib is the fire rotation and precession at the bottom of the crib. For the very open-
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packed cribs (n =3, ¢ = 0.75), the fire spread rate for the 6 and 9 in crib cases were 0.037
and 0.027 cm s™!, which presented as outliers. These outliers were removed in Fig. 6-31
when showing the spread rate results. For the cribs with n = 47, the spread rate was found
to fit a linear function of (I/n) with #*=0.96, 0.98, and 0.999. The 3 and 6 in cribs
produced very similar correlations resulting in only a 3% difference: u; = 0.0208(1/n),
and ug = 0.0202(l/n). The 9 in crib appears to form its own trend: ug = 0.0121(l/n).

The 6 in crib FW spread 67 % faster than the 9 in crib FW.
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Figure 6-31: Fire spread rate plotted against //n for all three crib sizes.

Images of the flame spread through the three different crib sizes are shown in Fig. 6-32.
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Figure 6-32: Images of the FW spread for the three crib sizes: 3 in crib (left), 6 in crib
(middle), and 9 in crib (right).

6.2.4. Flame temperature

The thermocouple probes were placed in various locations for repeat experiments with the
same geometrical configurations. In these experiments, no significant difference in the
behaviour of the crib FWs was observed, and thus it was concluded that the presence of
the thermocouple probes did not act as an appreciable heat sink or significantly disturbance

to the flow. There was also no evidence of the flame anchoring to the probes.

Figures 6-33(a) and (b) show the temperature profiles of the 6 in FW tests for n =5 and 7.
The flame spread from 0 to 80 s with an approximate flame height of 20 cm for n =15,
whereas the flame did not begin to spread in the n = 7 test until 150 s after ignition. As the
number of sticks per layer increased, so did the time for flame propagation. The flame
begins to wander between 80 and 100 s for n = 5 and between 260 and 280 s for n = 7. The
FW had fully formed at 100 s with a flame height between 40 and 50 cm for n =5 and at
290 s with an approximate flame height between 45 and 55 cm for n = 7. The flame had
completely propagated to the edge of the crib at 150 s and grew from 50 to 90 cm for the
n =5 test. For n = 7, the flame spread was complete at 390 s with a flame height of 100 cm
(T7). Many of the thermocouples reached a maximum peak temperature at roughly 200 s

for n = 5; the fire whirl was centered with approximate heights between T5 and T6 (70—
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90 cm). For the n = 7 test, the maximum temperature was reached at approximately 420 s
with a flame height around T7 (100 cm). The height fluctuation can be seen by the
temperature difference in both tests. Since the n =7 experiment produced higher flame
heights, the temperatures were higher than in the n =5 test. The flame began to decrease
in height at 225 s and 460 s for » =5 and 7 to approximately 50 cm. When the fire whirl
ceased at 300 s for n = 5 there was still a strong circulation as the ashes were still spiraling
around the chamber. The wood continued to smolder even after the fire had extinguished.
The smoldering of wood lasted much longer in the n = 7 test due to the larger mass of fuel

associated with the increased number of sticks per layer.

Furthermore, Figs. 6-33(a) and (b) show that the centreline temperature increases rapidly
once the fire whirl is formed, but there is less fluctuation in temperature over time, which
appears to be due to less of a wandering effect. This indicates that fire whirls associated
with solid structures tend to be more stable than those associated with pool fires (Lei, et al.

2015).

Figure 6-33(c) shows that the 3 in crib a fire whirl started precessing from 35 to 145 s,
which is shown by the fluctuation in the thermocouple readings. The FW formed after 138
to 166 s, but the flame kept moving in and out of the thermocouple location. Similar to the
FB 3 in crib, as the flame position fluctuates, the air cools down the thermocouple, leading

to lower temperature measurements, as illustrated in Fig. 6-34.
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The centreline temperature profiles for crib FWs for (a) 6 in crib with

n=1>5,(b) 61incrib withn =7, (c) 3 in crib with n =5, and (d) 9 in crib

with n = 5.

Figure 6-33(d) shows that the FW for the 9 in crib with n = 5 began precessing from 25 to

99 s after ignition, and the fire whirl formed from 100 to 330s. The 9 in crib FW

temperature profiles are similar to the 6 in cribs; however, the peak temperature was

sustained for longer since there is more fuel, which allows the FW to last longer. The

temperature stability increased as the size of the crib increased.
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Eu

Figure 6-34: Flame fluctuation in the 3 in crib for n = 3 (top) and n = 5 (bottom).

In the continuous flame region, the centreline temperature for open-packed cribs was
correlated by z/H%%5. However, the centreline temperatures for close-packed cribs do not
follow those trends in the continuous flame region and were correlated by z/H~%7¢. The
intermittent and plume regions decrease with similar exponents on z/H as determined by
Lei et al. (2015) who stated the slopes do not overlap in the plume region as they are
dependent on HRR. Data for the lower HRRs are further away from the y-axis, which is
also shown for the 6 in cribs, as the open-packed crib (n = 3) is the farthest away, (Fig. 6-
35(a)). The 9 in crib shows that the temperature profiles for different HRRs are very similar

as the lines all merge together, as shown in Fig. 6-35(b).
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Figure 6-35: Centreline temperature vs. the normalized height for (a) 6 in crib FW and

(b) 9 in crib FW experiments. The black dotted lines are the extent of the
intermittent regions.

The exponents for the centreline temperature correlations are provided in Table 6-6 for
gaseous FW data from literature (Lei et al. 2015), the gaseous fire whirl data from this
work described in Chapter 5, and the FW crib data from this work. In the intermittent
region, all the exponents were within in the same range, with the 6 in crib producing the
larger exponent, and the gaseous FW in Chapter 5 producing the smallest. In the plume
region, all the exponents are also in the same range. This proves that regardless of the fuel

type, it can be plotted using Lei’s temperature correlation.
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Table 6-6: Correlation exponents for centreline temperatures in the continuous,
intermittent, and plume regions.
Fire Whirl Region = Exponent on Z Reference Fuel
0.06 Lei (2015) Gas
0.24 This work Gas
Continuous flame 0.65 This work (n = 3) Solid (6-inch)
-0.071 This work (n = 4-7) Solid (6-inch)
-0.36 This work (n = 4-6) Solid (9-inch)
-1.79 Lei (2015) Gas
—1.42 This work Gas
Intermittent —-1.59 This work Solid
—-1.96 This work (n =4-7) Solid (6-inch)
-1.77 This work (n = 4-6) Solid (9-inch)
—2.23to—1.31 Lei (2015) Gas
—1.82 This work Gas
Plume -2.55 This work (n = 3) Solid (6-inch)
-3.70 to -2.77 This work (n =4-7) Solid (6-inch)
-2.5 This work (n = 4-6) Solid (9-inch)

Comparing the centreline temperatures of the 6 in crib to the 9 in crib, as shown in Fig. 6-

36, it is clear that the temperature profiles behave in a similar manner in the three regions

independent of the size of the fuel bed.
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Figure 6-36: Comparing the centreline temperature profiles of 6 and 9 in cribs with (a)
n=>5and (b)n = 6.

6.3. Comparison of Free Burning and Fire Whirl Crib Fires

A significant difference between a FB and FW crib fires is the amount of residue left at the
end of the fire. Figure 6-37(a) shows that the FB structure collapsed and charred sticks
remained, whereas in Fig. 6-37(b) it is seen that no charred sticks remain with the FW. The
increased air entrainment and swirling of the air flow during the FW tests results in a
residual vortex flow after the fire extinguished, thereby enhancing the smoldering rate and
leading to significantly more char burnout. The FW rotation delivers oxygen very

efficiently, thus allowing the fuel to burn significantly faster.
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(a) (b)
Figure 6-37: Residual ashes remaining after (a) a FB crib fire and (b) a FW experiment.

The second most noticeable difference was the flame height. As discussed in Section 5.2,
the FW flame heights are much greater than the FB flame heights. However, for the very
open-packed cribs (n =3, ¢ = 0.75), the average flame height of the FB and FW crib fires
were almost identical, in all three cases. As the number of sticks per layer increased (i.e.,
as the porosity decreased), the average flame height of FWs for the 3 in crib experiments
increased from 0.8 (at » = 3 and 4) to 1.68 (at n = 7) times that of the FB cribs for the same

geometrical configuration as shown in Fig. 6-38.

The FW flame heights for the 6 in crib experiments increased from 1.02 (at n = 3) to 1.41
(at n="7) times that of FB flames and from 1.02 (at n =3) to 1.31 (at n = 6) for the 9 in

crib experiments.
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Figure 6-38: Flame height comparison (a) raw data for 6 in crib with » =5 and (b) ratio.

However, comparing the 3 in cribs with n = 3 and 4 is not significant because the fire whirl
flame height lasted less than 10 s. Additionally, as the flame precessed it was also tilted.
Therefore, the vertical flame height could not readily be compared with that of the FB
flame heights, which were not tilted. Figure 6-39 shows an example of this behaviour for

the n = 4 case.

Figure 6-39: Images of the precession for the 3 in crib FW with n = 4.

The burning rate followed a similar trend to the flame heights; as the number of sticks per

layer n increased so did the ratio 1z, /Mg, as shown in Fig. 6-40. For the very open-
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packed cribs (n =3 and 4), the burning rates of the FB and FW crib fires were almost
identical for the 3 and 6 in cribs. As n increased, the burning rate for FW tests increased
from 1.0 (at n=3) to 1.71 and 1.84 (at n=7) times that of the FB cribs for the same
geometric configuration. The 9 in crib FW burning rates ranged from 1.16 to 1.47 times

greater than FB cribs.
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Figure 6-40: The burning rate comparison for (a) raw data for 6 in crib with n =5 and
(b) burning rate ratio.

The spread rate followed the inverse of the flame height and burning rate trends. As n
increased, the difference between the FW and the FB spread rates decreased, as shown in
Fig. 6-41. The spread rate ratio for the very open-packed cribs (n = 3) of 6 and 9 in stick
length caused an outlier shown by the square and triangle. This is most likely due to the

fire whirl not forming as quickly and allowing the FB spread to be faster than the FW tests.
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Figure 6-41: Spread rate comparison for (a) raw data for 6 in crib with n =5 and (b)
spread rate ratio.

Figure 6-42(a) shows the ratio of the average FW to FB spread rate ratio vs. s// and Fig. 6-
42(b) shows the flame height ratio vs. s//. The average spread rate ratio was found to follow

a quadratic trend, which is reasonably well represented by the following correlations:

3dinch (Usgye) o/ (Usgye),, = —449 (7)2 +177(3) - 059 #=0999  (6-5)

. 5\? S 2=
6-inch  (Usyye) / (Usque)y = =351 (7) +136(7) + 078 r°=0.935  (6:6)

The ratio of flame heights was found to follow an empirical correlation and was fitted using

the following expression (see Fig. 6-42(b)):

2
3-inch  (Have)w/(Havedrn = 194 (5) = 114(5) + 236 12=0.992 (6-7)

2
6-inch  (Hape)pw/ (Havedrs = 298 (5) —2.38(3) + 151 2=03810 (6-8)

136



. S\ 2 S
9-inch  (Have)w/ (Have)rs = 14.1(5) —7.67(T)+1.9 r=0.982 (6-9)

l

It is interesting to note that the flame height ratios for s// < 0.2 were almost identical for

the three crib sizes.
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data.

Figure 6-43(a) compares data from FWs with FB 6 in crib fires and shows that the

temperature in the continuous flame is 2—3 times greater than that of the intermittent flame.

The dramatic change in temperature is due to the intermittent region of the FB crib fires

occurring at a much lower height than the FW crib fires. The temperature of the plume

region of a FW crib fire is higher (> 200 °C) than that for a FB crib fire (< 100 °C). Figure

6-43(b) shows the ratio of the absolute temperature of a FW to that of a FB crib fire of the

same geometrical configuration. For the cribs studied in this paper, this ratio is 0.99-1.2 at

a height of 10 cm (in the flame core) as n ranges from 3-7.
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Figure 6-43: Comparison of centreline temperature profiles for FB and FW 6 in crib
fires. (a) Centreline temperature vs. height for » =5 and 7 for FW and FB
crib fires; and (b) temperature ratio of FW over FB crib fires for n = 5 and
7.

Comparing the FW and FB ratio for the three crib sizes with n = 6 (Fig. 6-44), the first
peak is that of the 3 in crib at ~ 6 times greater, followed by the 6 in crib at ~ 4 times
greater, and then the 9 in crib at 2 times greater. This demonstrates that as the crib increases
in size the FW produces a higher temperature than the FB case when moving away from
the core. This is due to the intermittent region of the FW being at a higher position when

the crib length (and height) is larger.
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Figure 6-44: Comparison of the FW to FB centreline temperature ratio for different
sizes of cribs.

Following Lei et al. (2015), the heights z at which centreline temperatures were measured
for all the crib structures (both FB and FW) were normalized by the average flame height
H,suchthat Z = z/H. Centreline temperatures for n = 4, 5, and 6 were plotted against their
normalized height for 6 and 9 in cribs, as shown in Fig. 6-45. This allows for comparing

the temperatures within the three different regions.
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Figure 6-45: Centreline temperature vs. the normalized height for 6 and 9 in FB and FW

cribs: (a) n =4, (b) n =15, and (c) n = 6. The black dotted lines show the

extent of the intermittent regions.

140

For n =5, the centreline temperature plotted against the normalized height of the FW and
FB experiments (plotted as one data set) had very similar exponents in all three regions;
therefore, the data were plotted together (Table 6-7). The intermittent region regardless of
n had very similar exponents for z/H, which was expected according to Lei ef al. (2015).

All exponents on z/H in Table 6-7 were within the same range as the values stated in Table



Table 6-7: Centreline temperatures for FW and FB in the continuous, intermittent,
and plume regions

Flame Region Exponent on zZH Crib size () n
Continuous —0.076 6-inch and 9-inch 5
Intermittent —1.64 6-inch and 9-inch 5

—1.74 6-inch and 9-inch 6
Plume —2.74 6-inch and 9-inch 5

6.4. General Discussion

Three separate correlations were obtained with the ratio of //n, which controls air flow rate
into the crib structure, and the quadratic relationship arises because of the dependence of
the pressure drop being a quadratic function of the air velocity H = a(l/n)? + b(l/n) +

c. The flame height correlation proposed by Thomas (Eq. (2-35)) was satisfactory.

The FB crib burning rates were also correlated by quadratic relationship with n. The
correlation of Smith and Thomas (Eq. (6-1)) was also satisfactory for all three crib sizes,
although one form could not correlate all the data in a single relationship. However, by
multiplying this equation by b (Eq. (6-2)), the 6 and 9 in cribs could be correlated by one

relationship. Comparing this correlation with the data of Pegg, O’Dogherty & Young, and

Webster (all propagating crib fires), all the data were satisfactorily correlated by b Aﬁ\lm =
4, 0-56
12(3)

Plotting the burning rate against A also produces a good correlation for all the available

burning rate data on propagating crib fires by m = 6.84%2°¢. The FB spread rate was

141



determined to be inversely proportional to the length scale. The FB temperature data had
significant fluctuations due to ghost flames. When plotting the centreline temperature
against normalized heights, it showed less dependence on the number of sticks per layer as

the crib size increased.

The FW flame heights produced linear correlations H = mn, where m is the slope, which
is 8.3, 14.8, and 17.6 for the 3, 6, and 9 in cribs. This shows that as / and » increased so
does the flame height. The maximum flame heights produced were 30-65% larger for the
3 in cribs, and 20—40% larger for the 6 in and 9 in cribs. The maximum flame height always
occurred before the maximum burning rate. The burning rate produced a linear correlation
with n, with slopes of 0.05, 0.54, and 0.93 for the 3, 6, and 9 in cribs. Once again, when
plotting burning rate data according to Smith and Thomas, three correlations were
produced; however, when multiplying by b, the 6 and 9 inc crib data resulted in one
correlation with 72 of 0.997. The FW centreline temperature profiles had a lot less
fluctuation than the FB data and plotting against the normalized flame height the trends
were very similar to Lei ef al. (2015). In the intermittent region the data could be plotted
as one set, whereas in the plume region for the 6 in crib each » had their own exponential

correlations. Lei et al. (2015) states this is due to the different HRRs.

Comparing the FB and FW flame, the FW is observed to produce a less luminous flame
and is much cleaner burning. This can be seen by the residual ashes remaining from the
two types of experiments. The FW flame heights were between 1 and 1.4 times larger in
the 6 and 9 in cribs. The burning rates for the FW flames were 1.2 to 1.8 times larger than

the FB flame, and as n increased so did the difference between FW and FB. The FW spread
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rates are 1.5 to 2.3 times larger than for FB cribs. At the peak temperature, the centreline

temperature was 2.5 times larger in FWs than for FB crib fires.
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Chapter 7: Conclusions and Future Work

7.1. Conclusions

Fire whirls are special types of flames that are caused by the interaction of the buoyancy-
driven rise of hot combustion gases in a fire and swirling wind conditions. Unfortunately,
the spinning behaviour that makes fire whirls fascinating to observe also makes them
highly unpredictable and dangerous. The formation of fire whirls can greatly increase the
flame height, temperature, burning rate, and spreading rate and decrease the predictability
of wildfires, residential and commercial building fires, and industrial fires. Compared with
the FB flame, the maximum flame heights of FW flames increased significantly, whereas

the same HRR is obtained for a smaller diameter of the fuel (width).

The gaseous FW experiments and simulations showed that the flame heights were
dependent on the HRR, gap-width, the chamber’s hood, and wall height. The FB and FW

flame heights were plotted against Q* to obtain the following relationships:

Gaseous FB: g _ 3_20*2/5

. H .
Gaseous FW: == 4.29(‘?*2/5

Surprisingly, the burner diameter and the number of inlets did not produce a significant
change in flame height or flame temperature, except in the 1-inlet case where a stable FW
did not form. The simulations predicted accurate flame heights compared with the

experimental data. The simulations underpredicted the flame temperature but still
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displayed similar trends. The model predictions are in good agreement with the
experimental data of gaseous FWs. The model was used to perform an analysis on the wall
height effect. It predicted that there is a significant flame height dependency on the wall
height for large HRR and less of an impact for small HRR, relative to the size of the

chamber.

For the crib study, a stable FW formed in all cases. For the 3 in cribs, the burning duration
was 2—15 s depending on the number of sticks per layer. The flame precessed for most of
the time; however, it is impressive that the FW was still able to form with the minimal
amount of fuel that the 3 in cribs have. This demonstrates that occurrence of a FW can
happen from just a little bush fire or bonfire. The 6 in and 9 in cribs formed a stable FW

quickly, and the burning duration was between 135 and 385 s.

The FW flame height for the crib fires increased as the number of sticks increased, whereas
the FB flame height had a peak around n = 5. This means that, although the mass increased
for the FB cases, the flame height reaches a maximum height and plateaus. The FW flame
heights continue to increase linearly as the number of sticks increase for all crib packing
densities studied in this work. As / increases the flame heights increase according to H =
al®®, where «a is a constant. The FB and FW flame heights were plotted against Q* to obtain

the following expressions:

5

Crib FW: = 2270

5

Crib FB: = 2.730*
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The maximum FW flame heights were at times 40—-60 % larger than the reported average
flame heights. The 6 and 9 in cribs had FW flame heights 1.2, 1.3, and 1.4 times larger than

their FB counterpart forn =5, 6, and 7.

. a
The burning rates were all plotted with a modified Thomas correlation: b Aﬂ\l/ﬁ =k (%) .

This proved to be the best correlation for FB and FW crib fires. A very strong correlation
was produced between the burning rate and the total exposed surface area, A, for both FW
and FB cribs. Comparing the FW burning rate with that of the FB cribs, the maximum
burning rate difference for FW cribs was approximately 1.8 and 1.5 times larger for 6 and
9 in cribs than for the FB cribs. There was a lot less residue remaining with the FWs and
the ashes whirled around the chamber long after the flame burned out. The whirling ashes

demonstrates how spot fires could form when FWs are present.

The FW spread rates were 1.5-2.3 times larger than the FB flames and produced a linear
correlation with //n. The FW flame temperature was within the Lei et al. (2015) z/H power
correlation for centreline temperature, which can be used at these crib sizes to calculate an

approximate centreline flame temperature given an average flame height.

Comparing the significant difference between FW and FB flame heights, burning rates,
spread rates, and temperature profiles, emphasizes the importance of educating people (i.e.,
fire practitioners, industrial workers etc.) on these differences. This work highlights the

importance and benefits of teaching the dynamics of FW to fire fighters entering the field.
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7.2. Future Work

Fire whirls generated in a fixed-frame apparatus are formed by air being drawn in
tangentially as a result of the buoyancy of the fire. In other words, they are naturally
aspirated. It was anticipated that the scaling study on crib FWs would provide information
to relate the flame height and burning rate to the geometry of the apparatus, but this was
not realized. Future work should be undertaken to scale not only the size of the fire source
but also the size of the apparatus to determining the relationship between the geometry and
the flame height and burning rate. If this were achieved, then it would be possible to predict
flame heights from the HRR and geometry, which would be helpful in assessing the hazards

in building fires, especially in atria.

Additionally, there is a significant difference in the way the flame propagates and spreads
between a FB and FW in crib fires. With FB crib fires the flame spreads uniformly within
the crib and involves more of the surface area of the sticks, until it reaches the outside of
the crib. However, with a FW the flame continuously circulates within the crib structure
and therefore the amount of fuel surface involved varies, resulting in a significant part of
the structure being burned before it reaches the outside of the crib and forms a stable FW.

This complex behavior needs a more in-depth technique to investigate the spread rate.
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Appendix A: Derivations and Calculations

For square-based cribs with 7 sticks per layer of length / and square cross-section b and N
layers, the crib height (%) is given by the following equation:

h=Nb (A-1)
The spacing between sticks in each layer can be calculated as follows:

s={—-nb)/(n—1) (A-2)

The total cross-sectional area of all the vertical shafts (4,) is given by the following

expression:
A, = (I — nb)? (A-3)

The total cross-sectional area of the side openings on any one side (4s,) can be calculated

as follows:
A, =n—1sb(N—-1)/2=({—-—nb)b(N—-1)/2 (A-4)

The total exposed fuel surface area of a crib, which sits on a flat surface such that the

underside of the bottom layer of sticks is not exposed, is given by the following equation:
A, = 2nb[N (2]l — nb) + b(n + N)] — bin (A-5)
The crib porosity can be calculated as follows:

e=1-—nb/l (A-6)
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