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Abstract 

 

External flaming from buildings occurs as a result of a large amount of fuel being available in 

the room of fire origin in comparison to the amount of ventilation provided.  The size of the 

openings in a compartment affects the amount of oxygen available within the fire room, and 

hence the amount of combustion that can take place inside.  Excess fuel that is not burnt 

within the room flows out of the opening and combusts upon reaching the oxygen in the air 

outside.  It is in this situation that flames are seen projecting out of the window.  Flames 

projecting from openings pose the threat of fire spread from the room of fire origin.  This 

threat increases with the size of the flames.  Thus a dependable method for predicting the size 

of flames projecting from openings is required.   

 

This research addresses the issue of predicting flame heights projecting from openings, based 

on the heat release rate of a fire.  The results are based on laboratory experiments and are 

presented in non-dimensional form, allowing application to scenarios that have not been 

specifically tested.  This work supports the findings of other researchers, with appropriate 

adjustments made to compensate for differing experimental approaches.  This indicates that 

the relationships established between the non-dimensional heat release rate and flame height 

are formed from a sound underlying principle. 

 

An empirical relationship between the non-dimensional flame height and heat release rate of a 

fire is presented in a simplified format to enable ease of use.  The temperatures attained, and 

other observations from the compartment fire experiments are also presented and discussed.  

These were found to have dependence on a number of factors, with relationships varying 

between the individual experiments. 

 

The widely-used computational fluid dynamics model Fire Dynamics Simulator, Version 4 

(FDS), was found to currently be unreliable in modelling the experimental scenarios.  The 

results obtained were unrealistic and bore minimal resemblance to the experimental results, 

with extensive computational simulation time.  The ability of the programme to model the 

compartment fire scenario requires further investigation to determine whether a finer grid 

resolution may improve results, or whether it is simply not able to model combustion 

processes involved at this stage.   
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Notation 

 

α combustion expansion factor (1.084 for propane) 

A area of opening (m2) 

Af floor area (m2) 

B window width (m) 

cp specific heat of ambient air (kJ/kg.K)   

D diameter of fire source (m) 

E net heat release per unit mass of oxygen consumed (13,100kJ.kg-1) 

ECO net heat release per unit mass of O2 for combustion of CO to CO2 (~17,600kJ.kg-1) 

f excess fuel factor 

Fr Froude number 

g gravitational constant (9.81ms-2) 

h height of opening (m) 

hc unrestricted height of flame above an imposed ceiling (m) 

hr horizontal extension of flame beneath a ceiling (m) 

H height of room (m) 

∆Hc fuel heat of combustion (MJ.kg-1) 

( )
2COfHΔ  enthalpy of formation of CO2 at 25°C (-393.52kJ.kg-1) 

( )
OHfH

2
Δ  enthalpy of formation of H2O vapour at 25°C (-241.83kJ.kg-1) 

( )
83HCfHΔ  enthalpy of formation of C3H8 at 25°C (-103.8kJ.kg-1) 

I flame intermittency 

1l  length scale (m) 

L  fire load (kg) 

am&  flow rate of air into the enclosure (kgs-1) 

Ma molecular mass of air (29g.mol-1) 

em&  mass flow rate of exhaust gases in the duct (kg.s-1) 

eM  molecular mass of exhaust gases (kg.mol-1) 

exm&  burning rate of excess fuel (kgs-1) 

mf  mass of fuel supplied (kg) 

fm&  mass flow rate of fuel (kgs-1) 



 

 

mi  mass of species i produced (kg) 

im&   mass flow rate of species i produced (kgs-1) 

A
im&  mass flow rate of species i measured by analysers (kgs-1) 

o
im&  mass flow rate of species i in air (kgs-1) 

Mi  molecular mass of species i produced (kg.mol-1) 

mox air oxygen concentration (kgm-3) 

oxm&  oxygen mass flow rate (kgs-1) 

2OM  molecular mass of oxygen (32g.mol-1) 

pm&  mass flow in plume (kgs-1) 

n window aspect ratio 

ni  number of moles of species i (mol) 

φ  oxygen depletion factor 

P horizontal projection of flame (m) 

∞ρ  density of ambient air (kgm-3) 

q fire load density (kgm-2) 

Q average heat release rate (kW) 

Q&  heat release rate (kW) 

mfcQ&  theoretical maximum heat release rate (kW) 

ODCQ&  measured heat release rate using oxygen depletion (kW) 

TchemQ&  measured heat release rate using thermochemistry method (kW) 

VLQ&  ventilation limited heat release rate (kW) 

*Q&  non-dimensional energy release rate 

"Q&  heat flux (kWm-2) 

r0 equivalent radius of heat source (m) 

r stoichiometric ratio, oxygen : fuel 

R burning rate (kgs-1) 

sa stoichiometric air to fuel mass ratio 

S air to fuel mass stoichiometric ratio 

∞T  temperature of ambient air (K) 

Tcomp compartment temperature (K)  



 

 

*compT  non-dimensional compartment temperature 

u flow velocity (ms-1) 

w width of opening (m) 

w* non-dimensional width of opening 
A
ix  mole fraction of species i measured by analysers 

ο
ix  ambient mole fraction of species i 

X flame path length (m) 

yi yield of species i 

z height of flame tip above top of window (m) 

Z flame height above neutral plane (m) 

Zf free-burn mean flame height (m)    

Z* non-dimensional mean flame height   

Zx* non-dimensional x% flame height   
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Chapter 1 

Introduction 

 

In the event of a fire breaking out in a building, spread of fire from the room of origin further 

increases the threat to both lives and property.  Vertical spread of fire between different levels 

of a building may occur in a number of ways, including through stairs, ducts, and horizontal 

openings between floors.  The dominant mechanism for fire spread to upper floors in a 

building, however, is via openings in exterior walls [1].  Fire spread to upper levels of a 

building occurs as a result of either the windows breaking on the upper level, allowing direct 

flame spread, or the ignition of items inside the upper floor due to radiation from external 

flames in through the windows.  Fire spread to other neighbouring buildings may also occur 

as a result of radiation heat transfer from external flames. 

 

In the early stages of a fire, windows may have little effect on a fire except to restrict the 

amount of oxygen supply when shut.  However as the temperature in the room increases, 

cracking and glass fallout may occur.  Yokoi [2] reported that glass fracture occurs at gas 

temperatures of 400°C, with fallout occurring at 500°C.  Glass fracture has also been 

observed to occur at lower temperatures, such as by Skelley et al. [3] at approximately 350°C.  

Once fallout has occurred, a fresh source of oxygen becomes available to the fire.  When a 

sufficient supply of fuel is present and suitable ventilation conditions exist, flashover may 

occur.  External flame venting then occurs through the openings.  Buoyancy effects cause the 

flames to extend vertically upwards outside the building, threatening the spread of fire to 

upper storeys where present, or other neighbouring buildings.  The nature of the fuel, along 

with the height of a compartment opening, affects the shape of the projecting flames and 

subsequently the threat of fire spread.   

 

Vertical spread of fire up a building due to external flames is not uncommon, and may occur 

rapidly.  During a fire in a 20 storey apartment complex in Hiroshima, Japan, the fire spread 

between stories took as little as 20-30 seconds.  This was mainly via the 1.6m deep balconies 

with combustible polymethylmethacrylate (PMMA) fences, which were also loaded with 

other combustible items.  There was no significant fire inside the rooms themselves [4].  

Although in this case balconies above the openings provided the main source of fire spread, 
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flame extension from windows poses a similar threat.  Similar effects may be observed in 

atria fire [5] where flame spreads vertically to other levels of the building via internal means.  

The open atrium spaces provide a large volume of fresh air and hence the supply of oxygen 

required to result in combustion of any excess, un-burnt fuel leaving the fire compartment. 

 

An externally venting flame may produce sufficient radiant energy to allow the spread of fire 

on the building façade, where pre-heating from the burning façade alone may not be enough 

to propagate flame spread [6].  External flaming from a building may also cause fire spread to 

nearby structures due to radiation heat transfer, and possible direct flame contact.  Fire spread 

increases the risk to lives and property, makes fire fighting more difficult, and increases the 

financial costs of repair due to more extensive fire damage.  Most building codes, including 

that of New Zealand  restrict the use of combustible materials on building façades in an 

attempt to limit vertical fire spread and damage. 

 

The flame height projecting from a fire compartment opening not only poses a threat of fire 

spread, but also affects the transfer of heat to external structural elements.  The stability of 

these elements may be compromised due to prolonged fire exposure, during which they are 

subjected to radiation and convection heat transfer resulting in increased material 

temperatures.  The temperature of these structural elements may rise sufficiently to cause 

collapse, increasing the impact of the fire and further endangering people and other property. 

 

With the increasing development and use of performance-based fire codes, there is the need 

for validation of the computer models that are often used for performance-based designs.   

Models can be a useful design tool; however their use should be monitored to ensure that the 

designer has a full understanding of the model they are using, and that they are not being used 

beyond their capabilities. 

 

1.1 Existing knowledge 

Safer and more economical structures can be designed by having an understanding of the 

flame heights that may project from compartment openings in the event of a fire.  Existing 

flame height relationships are based primarily on research conducted in the 1950’s and 1960’s 

by Yokoi [2], Webster et al. [7-9] and Seigel [10], when experimental techniques and 

technology were somewhat less advanced than today.  The experiments were conducted 
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predominantly with wood fuel.  Law and O’Brien [11] collated the findings from the works, 

and developed the expression for flame height that is currently widely adopted. 

 

Continued experimentation with flame heights has occurred, with an increasing tendency 

towards presentation of results in a non-dimensional form.  This method provides a more 

generalised set of results which can then be applied to a wide range of fire scenarios, 

including those for which experiments have not been specifically conducted.  

 

The effectiveness of computational modelling in predicting likely external flaming has 

improved along with increasing computational power.  The effect of balcony projections on 

externally venting flames and the heat flux on to building façades above the room of fire 

origin have also been considered, both experimentally and computationally.  Further details 

on previous research are presented in Chapter 2. 

 

1.2 Fire development 

A fire which is not controlled by activation of sprinklers or intervention of the Fire Service 

will typically exhibit three main phases; growth, fully developed and decay [12], as illustrated 

in Figure 1.1.  The growth phase of a compartment fire is determined by the nature and 

quantity of the fuel load present, and by the amount of ventilation.   

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 - Stages of fire development 
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The transition between the growth stage of a fire and the fully-developed stage is termed 

flashover.  The International Standards Organization formally define of flashover as “the 

rapid transition to a state of total surface involvement in a fire of combustible material within 

an enclosure” [13]. 

 

During the fully-developed post-flashover stage, all combustible items within the room have 

ignited and are burning.  The fire is at its most intense, and is quite frequently ventilation 

limited [14]; the fire is controlled by the available oxygen which enters through openings into 

the compartment.  Buoyancy forces drive hot combustion gases out through the upper portion 

of the opening, with fresh air simultaneously flowing in to the compartment through the lower 

part of the opening.  This exchange flow is illustrated in Figure 1.2.   

 

 
Figure 1.2 - Exchange flow of hot gases and fresh air through a compartment opening, adapted 

from Walton [15] 

 

When the fire is ventilation limited, there is insufficient oxygen supply in the fresh air 

entering the compartment for all the fuel to be burnt inside.  Un-burnt hot fuel gases flow out 

through the opening and combust upon reaching a fresh supply of oxygen, thus creating 

external flames that protrude from the openings of the compartment.  Large quantities of toxic 

species are produced as a result of the limited oxygen supply causing an incomplete 

combustion process.  
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1.3 Fire spread 

When flames project from exterior openings, the heat flux on to the façade of the upper levels 

of the building may become great enough to ignite combustible building materials.  Similarly, 

objects inside a room above the fire floor may be ignited by radiation through a window, or 

neighbouring building façades or contents may receive sufficient radiant heat transfer from 

external flames to cause ignition.   

 

Knowledge of expected flame heights increases the ability of the fire engineer to design a 

safer structure, through considering the convection and radiation heat transfer to building 

surfaces.  Building exteriors can be designed to reduce the vertical spread of fire up the 

exterior of a building, thus minimising the area of flaming on the outside of the building, 

enabling a longer period in which the fire service may act to control the fire, and for people to 

exit the building.    

 

1.4 Protection measures against fire spread 

The primary measure to prevent vertical fire spread via externally venting flames is to prevent 

flashover conditions being reached.  However this is not always practical in design.  An 

insufficient budget may prevent the installation of sprinklers or another suppression system in 

a building.  Even where such protective measures against fire are employed, flashover may 

still occur as a result of a failure of suppression systems.  Thus, depending on fire code 

requirements and the client’s expectations for fire performance, further precautions should be 

considered.    

 

Typically, protection against fire spread vertically up a building is achieved by the use of 

combinations of spandrels and aprons between different levels of a building.  Although the 

use of non-combustible claddings can prevent the spread of fire up the face of the building, 

this will not prevent spread of fire to upper floors resulting from the radiation from flames in 

through a window.  Also, depending on the properties of the glass used in windows they may 

be susceptible to cracking and subsequent fallout if exposed to high temperatures from flames 

from a floor below.  If glass fallout occurs, direct flame spread may occur into the upper floor, 

particularly if combustible items such as curtains are near the opened window space.  It is for 

these reasons that spandrels and aprons are required to protect against vertical spread of fire.   



 

 

Chapter 1 - Introduction 

6 

Protection from fire spread horizontally from externally venting flames is typically addressed 

by limiting the area of non-fire rated window openings, depending on the proximity of the 

building to neighbouring buildings or property such that the anticipated radiation from a fire 

to the other building lies within a limit that is deemed acceptable in terms of avoiding ignition 

of that building.   

 

Some design scenarios involve the possibility of external flaming from compartments 

openings into other internal spaces, for which some knowledge of the likely flame heights is 

an important consideration.  This is illustrated in the design of the airport terminal building in 

Osaka, Japan as presented by Beever [16].  In this scenario, retail and similar type spaces, 

referred to as “cabins,” were located within a large open internal space with a high roof.  The 

effects of fire spread were considered both in terms of fire and smoke control within the 

cabins, which were provided with sprinkler protection and smoke extract, and in terms of the 

spread of fire to isolated “islands” of fuel loads within the large open spaces.  The design 

utilised the assessment of fire loads and radiation emitted from a fire to nearby fuel packages.   

 

1.5 Purpose of this research 

The aim of this research is to determine a method by which the height of flames projecting 

out of compartment openings may be estimated.  The size of the opening and heat release rate 

of the fire are parameters which are deemed to be of importance in this.  There has been 

increased use of synthetic materials in buildings and therefore Law and O’Brien’s [11] 

existing relationship for flame height, based on the burning rate of fuel in experiments in 

which wood was the predominant fuel, may not be truly representative of the flames projected 

from an opening.  A non-dimensional expression for flame height is sought in this research, 

for under-ventilated non-cellulosic fires in a compartment with a single opening, and a short 

façade above the opening. 

 

This research experimentally investigates the behaviour of flames protruding from openings 

in single-level compartments in under-ventilated conditions, and investigates the ability of 

computational modelling to recreate the experiments.  Experimentally, the effect of the size 

and aspect ratio of the opening is investigated, along with the heat release rate in relation to 

the ventilation limit of each opening.  Scale modelling was adopted due to the ease of 

experimentation, and the availability of an existing compartment 1m wide, 1.5m deep and 1m 
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high.  Propane gas was used as the fuel in all of the experiments, with the burner location 

fixed in one location throughout.  

 

The controlled delivery of propane gas to a compartment creates an idealised fire.  In ordinary 

fire situations, re-radiation from the flames back to the fuel surface would affect the rate of 

burning and consequently the quantity of combustible gases in the compartment.  The 

experiments must be recognised as not being fully representative of real fire behaviour.  The 

ease with which data can be obtained in controlled experimental scenarios supports its 

continued use. 

 

The research also investigates the use of the computational fluid dynamics programme FDS 

(Fire Dynamics Simulator, Version 4 [17]) as a computational design aid for flame heights, by 

determining the ability of the program to recreate the experimental results.  FDS is widely 

used in fire engineering design and thus it is important that the capabilities of the program for 

modelling this problem are known.  

 

The research and experiments conducted here do not investigate the effects of wind or forced 

ventilation.  The effect of a wall or façade above the opening has not been considered; nor has 

the effect that horizontal projections above the opening have on the flame trajectory and 

height.  There is much scope for further investigation in these areas.       
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Chapter 2 

Literature Review 

 

2.1 Definitions of Flame Height 

Flame height relationships are useful in fire engineering for predicting the likelihood of 

external fire spread.  The spread of fire may occur from a burning room via direct flame 

spread on the external façade of the building, via radiation transfer causing ignition of items 

inside a room on an upper level, or via radiation transfer from the external flames to 

neighbouring combustible items.  The transfer of heat to structural elements, and therefore 

their stability during fire, is also affected by external flaming.  This has been the focus of 

some previous works produced on flame heights [11]. 

 

Flame height relationships for free burn conditions are based on the height at which the 

intermittency, I, is 0.5 [18].  This is defined as the height, Zf, below which the flame exists at 

least 50% of the time, and is illustrated in Figure 2.1. McCaffrey [19] describes the 

continuous flame height as being that to which the flame exists 100% of the time, and the 

flame tip as the greatest height at which the flame is observed.  A 50% intermittency 

definition for flame height is commonly used, and the intermittent flaming region may also be 

defined as being the region in which the intermittency varies from 10 – 90% [20]. 

 

 
 

Figure 2.1 - 50% Intermittency criteria definition of mean flame height

Intermittency, I 

Height from flame base, Z 

1 

0.5 

Zf 
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2.2 Code requirements in New Zealand 

New Zealand has adopted a performance-based design approach whereby building designs 

must comply with the New Zealand Building Code (NZBC), presented as the First Schedule 

of The Building Regulations [21].  Clauses C1 to C4 relate to Fire Safety.   

 

Achieving compliance with the Compliance Document for Fire Safety (C/AS1) [22] for the 

New Zealand Building Code is one way in which compliance with the New Zealand Building 

Code may be achieved for fire safety.  This addresses vertical fire spread through a building, 

including the requirements for building cladding materials that may aid in the prevention of 

vertical fire spread.  C/AS1 does not specifically assess the impact of external flame 

trajectories; however limits the area of uprotected (non-fire rated) openings in a building 

façade in order to limit the extent of flaming area that may impact on neighbouring property. 

 

The relevant clauses from the C/AS1 are 7.9.10 to 7.9.13, which require either spandrels or 

aprons to provide protection against vertical fire spread between unprotected areas of the 

external walls of a building where sprinkler protection is not provided.  The minimum 

spandrel height required by C/AS1 is 1500mm in the case that the unprotected areas are 

aligned vertically.  This height may be reduced depending on the presence of a horizontal 

apron projection between the unprotected areas.  Combinations of apron projection and 

spandrel height detailed in C/AS1 are reproduced in Table 2.1.  Where the unprotected areas 

on the levels are offset horizontally from each other, a minimum of a 900mm spandrel is 

specified by C/AS1. 

 
Table 2.1 - Apron and spandrel requirements of C/AS1 

Apron projection, P Spandrel height, H 

(m) (m) 

0.0 1.5 

0.3 1.0 

0.45 0.5 

0.6 0.0 

 

Restrictions are also placed on the external wall cladding in terms of the acceptable heat 

release rates of the materials.  Non-combustible materials such as concrete, brick, glass and 
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steel meet the material requirements.  This addresses external flame spread up the façade of 

the building that may subsequently result in fire spread to other levels of the building. 

 

2.3 Free burn flame height and Froude Number dependence 

The Froude Number, Fr, is a representation of the relative importance of momentum and 

buoyancy in a fluid flow.  In general fluid problems, D is the diameter of the flow source.  In 

problems related to fire, this is the diameter of the fire or fuel source [14]. 

 

 
gD
uFr

2

=  (1) 

 

The Froude Number can be re-written using the parameters of importance for a fire, including 

the flow rate of the fuel, fm& .  The velocity of the fuel flow, u, can be represented as a 

function of the heat release rate of the fire. 
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The square root of this Froude Number is the non-dimensional heat release rate of the fire. 
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The flame height of a free burn fire is influenced by the relative scale of the momentum of the 

fuel flow, and the buoyancy effects due to gravity.  Jet flames driven by the momentum of the 

fuel flow have a higher Froude number and longer flame lengths than pool fires.   
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A relationship is established between the mean flame height (normalised using the diameter 

of the fuel supply) and the non-dimensional heat release rate: 

 

 ( )*Qf
D

Z f &=  (3) 

 

Flame heights from pool fires and jet flames have been researched extensively.  Zukoski used 

the parameter Q*D, equivalent to *Q& , for open flame height correlations for pool fires, 

reportedly [23] in work as early as 1975.  Several researchers’ results on the topic of buoyant 

diffusion flame heights for free-burn conditions have been collated in terms of Q*D and are 

reproduced in Figure 2.2 [24].  The results are presented for the normalised 50% intermittency 

flame height. 

 

 

Figure 2.2 - Open flame height data (reproduced from Zukoski [23]). Note that *
DQ ≡ *Q&  

 

Others, including McCaffrey [19], have also presented flame heights from open fires in this 

manner.  Figure 2.2 includes results for experiments conducted by McCaffrey, using natural 

gas flames on a 0.3m square burner, in similarity with the scale and type of fuel used for the 

burner in the experimental work conducted in the present research. 

 

Zukoski et al. [24] studied the visible structure of buoyant diffusion flames, and found that for 

flame heights less than three times the burner diameter, the geometry of the burner was 
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important.  However for flames more than three times higher than the burner diameter, it did 

not affect the flame length.   

 

2.3.1 Heskestad’s flame height correlation 

Heskestad’s relationship between the normalised mean flame height and the dimensionless 

energy release rate for free-burning fires is readily used and represented most conveniently for 

practical application as [18]: 

 

 DQZ f 02.1235.0 5
2
−= &  (4) 

 

This equation was developed from experimental results of pool fires.  The relationship was 

originally presented in non-dimensional form using a variation on the form of *Q&  previously 

discussed, represented as N in Equation 5.  N is defined in Equation 6, along with its 

relationship with *Q& .  Equation 6 uses ∆Hc in units of kJ/kg, otherwise generally in MJ/kg 

herein.  

 5
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Ma and Quintiere [25], who investigated the ability of FDS to model axi-symmetric fire 

plumes, also describe the non-dimensional parameter N.  They indicate that the scaling laws 

for visible flame lengths have been found to vary in different ranges of *Q& .  This parameter 

is distinct from *Q&  when atmospheric conditions are non-standard, and therefore in practice 

the use of *Q&  is still appropriate [25].  Thus Heskestad’s flame height correlation may be re-

written in non-dimensional terms using *Q&  as: 

 

 5
2

*7.302.1 Q
D

Z f &+−=  (7) 
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The mean flame height of a free burn axi-symmetric flame is seen to depend on *Q&  to the 

power of  2/5.  For small values of *Q& , the power dependence changes.  From Zukoski et al. 

[24] the mean flame height from a burner of diameter D may be determined from Equations 8 

and 9. For values of *Q&  less than about 0.1, Zukoski suggests that the normalised flame 

height is dependent on ( *Q& )2 [23].  Amongst others, Putnam and Speich [26] and Steward 

[27] also concluded from an analytical perspective that the non-dimensional flame height was 

dependent on the heat release rate to the 2/5
th power.   

 

 For 0.1* <Q&  , 3
2

*3.3 Q
D

Z f &=  (8) 

 For 0.1* ≥Q&  , 5
2

*3.3 Q
D

Z f &=  (9) 

 

Linteris and Rafferty [28] investigated the use of flame height, area and volume in 

determining the heat release rate of a fire.  This work used a range of polymers, gas and liquid 

fuels producing laminar flames at reduced scale to determine the heat release rate.  Image 

analysis techniques were used to simultaneously determine the flame size.  At the reduced 

scale used in the experiments, laminar flames were produced.  This is rarely seen in real 

building fire scenarios, which exhibit turbulent, flickering flame behaviour.  The cone 

calorimeter data obtained was reasonably represented by Equations 8 and 9; however the 

laminar flames observed in the reduced-scale cup burner experiments were significantly less 

than these relationships predict. 

 

2.3.2 Effect of bounding surfaces  

The visible flame height has been found to correspond to the height at which 400% excess air 

has been entrained into the hot gas plume [27].  Reduced entrainment to the fire plume occurs 

when a fire is situated close to a wall or other obstruction, such as where external flaming is 

bounded by a façade above the opening from which it extends.  In this configuration, the 

flame is therefore taller, due to the increased height required for the same amount of air to be 

entrained into the plume.   
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Studies investigating the effects of bounding surfaces adjacent to burners on the mass flow of 

gases in the plume showed that when placed flush against a wall, a semi-circular fire 

produced a plume that attached to the wall.  The entrainment that occurred was similar to half 

that for the plume from a full circular burner with twice the energy release rate.  Similarly, for 

a quarter-circle burner placed in a corner, the plume mass flow was approximately a quarter 

of that obtained for full circular burner with four times the heat release rate. 

 

Zukoski’s equation for the mass flow in a fire plume is commonly presented as Equation 10 

[14], in which z is the height above the burner surface (m). 

 

 3
5

3
1

071.0 zQm p
&& =  (10) 

 

Considering that the flame height has been found to correspond to the amount of entrainment 

that has occurred into the fire plume, an approximation may be made for the flame length, 

zwall, expected for a fire with the same heat release rate that is bounded on one side by an 

adjacent wall.   
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Equations 10 and 11 may be equated to determine the increase in flame length for a fire 

bounded by a wall compared to an unbounded fire.  Equation 12 indicates that the presence of 

a wall adjacent to a fire may therefore be expected to increase the flame length by 

approximately 30%. 

 zzwall 3.1≈  (12) 

 

2.4 Height of flames projected from compartment openings 

A range of experimental and computational modelling has been undertaken on flame 

projections through openings in compartments.  Yokoi [2], Webster et al. [7-9] and Seigel 

[10] produced the founding research on the topic during the 1960’s.  The data collected during 

their experiments forms the basis of the existing correlations for flame heights projecting out 

of openings.  The experimental methods used and the data collected by these researchers 

differed.  Several subsequent works collated the results of the investigations, resulting in the 
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development of equations for predicting flame heights.  Further details are presented in the 

following sections.   

 

2.4.1 Yokoi 

Yokoi’s work was the more diverse of the initial researchers, including experiments both with 

and without a wall above the opening, as well as investigating the effects of horizontal 

projections above the opening on the flame heights [2].  Three different room sizes were used; 

the first 13.35 × 9.7 × 3.5m, the second 4.3 × 3.48 × 2.47m and the third 5.0 × 2.5 × 1.67m.  

Yokoi [2] also conducted model experiments using alcohol as the fuel and showed the results 

to be representative of large-scale fires.  

 

The data collected by Yokoi was not the flame height directly, but the temperature 

distributions of the hot gases leaving a compartment.  The flame height was defined as the 

height at which the temperature is 500°C, as described by Thomas [29].  The trajectory of the 

hot gases was related to the window aspect ratio, which Yokoi [2] defined as: 

 

 
h
wn 2

=  (13) 

 

Yokoi [2] found that for windows which are relatively wide in comparison to height, the hot 

gases spurting from the opening tend to curl back and reattach to the building façade when a 

vertical wall existed above the window opening.  This is illustrated in Figure 2.3, where z is 

the height above the upper edge of the opening, x is the horizontal distance from the opening 

where the temperature of the hot gases is maximum, and H” is the height between the neutral 

plane and the upper edge of the opening.  With taller, narrower windows however, with 

smaller n, the flames are projected further from the opening before their trajectory is deflected 

to a vertical alignment by buoyancy.  The behaviour of the flames for narrow windows 

approaches that of the flames when there is no wall or façade present above the opening.  The 

effect of the wall above becomes less significant as the natural horizontal projecting tendency 

of the flames increase with decreasing window width. 
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Figure 2.3 - Trajectories of hot gases ejected from windows (from Yokoi [2]) 

 

When excess fuel was vented out of the opening, the flame took up the top half to two thirds 

of the opening.  In Yokoi’s work, due to the vena contracta at the opening, the upper half of 

the window was considered the actual source of hot gases [2].  In the case of a free space 

above the window (i.e. no wall continuing above the opening), Yokoi relates his findings to 

the flow of hot gases from a vertically inclined heat source with width equal to that of the 

window, and half the height. 

 

The findings from Yokoi’s experiments are presented as non-dimensional temperature 

distributions rather than flame heights specifically.  The temperature of the gas at any point in 

an experiment in which there was a wall above the opening was higher than the same 

experiment with a free space above the opening.  The temperature difference between the two 

cases was greater for short, wide windows; that is, those with larger window aspect ratio n. 

 

The height above the window was non-dimensionalised using the equivalent radius, r0, of the 

equivalent rectangular heat source: 

 

a  : No wall above window 
b  : n = 1 
c  : n = 1.5 
d  : n = 2 
e  : n = 2.5 
f  : n = 3 
g  : n = 3.4 
h  : n = 6.4
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π20

hwr =  (14) 

 

The height of spandrel needed to prevent the spread of fire up the building was also 

considered.  A 500°C temperature was deemed critical in terms of design.  This is the 

temperature at which Yokoi found it was likely for glass fallout to occur, resulting in fire 

spread to upper floors.  Finally, Yokoi investigated the effects of a horizontal projection 

above the window, as a preventative measure against fire spread to upper floors.  The effect of 

such a projection above only the window of the fire compartment, as well as above all upper 

level windows, was considered.  It was observed that the higher up the spurting current, the 

more it became like that from an un-deflected plume. 

 

2.4.2 Webster et al. 

Webster et al. [7-9] obtained the visible flame heights from model scale experiments with 

cubical rooms that were open on one side.  The height was estimated by eye as the mean 

flame height.  Wood cribs were the fuel source in these experiments.  

 

These results were correlated using a non-dimensional analysis and flame temperature of 

1000°F and found to have reasonable agreement with the Yokoi’s results [30]. 

 

2.4.3 Seigel 

Seigel [10] investigated the flame sizes expected during building fires, with the use of 

unprotected structural steel as motivation for the study.  The velocity and temperature profiles 

for the flame jets were considered. 

 

Seigel [10] defined the flame tip as the point at which the temperature was 1000°F (538°C), 

measuring along the centreline of the flame, from experiments using a 3.05 × 3.66 × 3.05m 

compartment.  The experiments used a range of fire loads, using wood cribs as the fuel.  The 

window size was varied from 0.9 × 1.8m to 1.8 × 2.4m.  Forced ventilation was used in the 

experiments.   
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2.4.4 Law 

The results of Yokoi [2], Webster et al. [7-9] and Seigel [10] were analysed by Thomas and 

Law [31], who developed an initial relationship for the flame height projecting from a 

compartment opening (Equation 15).  The flame height z is measured from the top of the 

opening. 

 
3

2

6.18 ⎟
⎠
⎞

⎜
⎝
⎛=+

w
Rhz  (15) 

 

As in Yokoi’s work, during full-scale experiments using wood cribs and four different fire 

loads Law [32] also found that the size of the fire load influences whether flames emerge 

from openings, and the subsequent size of the emerging flames.  Taller flames projected from 

smaller windows, and the flames were larger when the compartment was lined with 

insulation. 

 

Law [30] and Bullen and Thomas [33] later showed that the predictions from Equation 15 

overestimated the flame height on large scale experiments.  The results were found to fit 

better with an adjusted equation, which was subsequently published in a Design Guide by 

Law and O’Brien [11] and is reproduced in Equation 16 (see also Figure 2.4). 
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Equation 16 is the relationship used or recommended for design in several publications, such 

as Buchanan [12] and Drysdale [34], and has been used in other research works including that 

by Chen and Francis [35].  

 

The difficulty in using Equation 16 is in determining the rate of burning, R.  This may be 

taken as a function of the fire load, L, in the room for a free-burning furniture fire [11].  The 

fire load is the mass of fuel available and is obtained using the fire load density, q (kgm-2) and 

the floor area of the room Af (m2). 

 

 qAL f ×=  
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Figure 2.4 - Flame dimensions (adapted from Law and O’Brien [11]), where X = length of flame axis. 

 

The effective fire duration for most types of furniture is 1200s, and therefore the rate of 

burning  is expressed using Equation 17 [11]. 

 

 
1200

LR =  (kgs-1) (17) 

Alternatively, the burning rate R may be determined from Equation 18. 
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W and d are the width and depth of the compartment respectively, Aw the area of the opening, 

and AT the area of the walls, floor and ceiling of the compartment (less Aw). 

 

Kawagoe conducted both full-scale and reduced-scale experiments on the burning of wood 

cribs within compartments in ventilation controlled conditions, and found the burning rate to 

be [34] 

 hAR 5.5=   (kg.min-1) 

  

Or hAR
60

5.5
=  (kgs-1) (19) 

 

An approximate value of the burning rate uses the average heat release rate of a fire, Q [12], 

and may be determined from:  

 

 
cH

QR
Δ

= 0015.0  (20) 

 

The coefficient in Equation 20 allows for peaks in the heat release rate above the average. 

 

2.4.5 Delichatsios et al. 

Delichatsios, Lee and Silcock [36] investigated the effect of compartment size and fire 

location on the emerging flames from a post-flashover under-ventilated fire scenario.  They 

used both propane and methane as fuel.  Combustion gases from the experiments passed 

through a calorimeter hood, and were subsequently analysed for the concentrations of species.  

The flames in the experiments were recorded using a CCD camera facing the façade.  The 

typical compartment was 0.5 × 0.5 × 0.5m.  This was extended up to three times the original 

depth throughout the experimental programme.  The commonly used expression for the 

ventilation limit, hA1500 , was verified as representing the energy release rate inside the 

compartment.  Delichatsios et al. [36] found that the temperature in the larger fire 

compartments was lower due to increased heat loss to the boundaries.  The temperature was 

not necessarily dependent on the gas flow rates supplied to the fire compartment, due to the 

ventilation-limited conditions restricting and the amount of combustion occurring within the 

compartment.  Notable differences between the work of Delichatsios et al. [36] and the 
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present research are the scale of the experiments and the façade above the opening, which is 

not used in the current work. 

 

The parameter representing the heat release rate in the analysis by Delichatsios et al. [36] is 

given in Equation 21.  It is equivalent to the term *Q&  used throughout this research. 
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 hAma 5.0=&  (25) 

 

The length scale 1l  defined in Equation 22 was shown to be the more appropriate length scale 

to use in the analysis, and was also found to better collapse the results of Yokoi’s [2] earlier 

work. 

 

Equation 23 is the heat release rate expected outside the compartment; that is, the theoretical 

heat release rate for the flow of gas supplied less the ventilation limit.  Equation 21 may be 

rewritten as: 
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The height of the flames was recorded from the location of the neutral plane within the 

opening.  This was taken as 0.4h from the bottom of the opening.  The flame height results 

were related to the heat release rate and are shown in non-dimensional form as presented by 

Delichatsios et al. [36] in Figure 2.5.  Zf in this instance is the flame height as measure from 
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the neutral plane of the opening, located at approximately 0.4 times the opening height above 

the bottom of the opening. 
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Figure 2.5 - Non-dimensional flame height dependence on non-dimensional heat release rate (Delichatsios 

et al. [36]) 

 

Delichatsios et al. [36] compare their results to a power dependence of 2/3 on *Q&  at small 

flame heights and 2/5 at large flame heights, in similarity with wall fires with side walls and 

axisymmetric fires respectively.   

 

Near stoichiometric conditions the combustion efficiency was seen to decrease, with a 

corresponding increase in the smoke yield.   

 

2.4.6 Other work 

Other research has also investigated the topics of flame heights and temperatures, as well as 

the heat flux from external flames onto surfaces [35, 37-45].  Both large and small scale 

experiments have been performed.  Scenarios that included a façade wall above the 
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compartment opening have been investigated, as well as those that did not.  Experimentally, 

investigations have been conducted predominantly with wood fuel; however furniture [40], 

propane and other non-cellulosic fuels [33] have also been used. 

 

Hakkarainen and Oksanen [37] report that the heat flux at the height of the window on the 

storey above the fire room may be 70kWm-2 or more.  In the large-scale experiments 

conducted, the average heat release rate was estimated to be 4 to 5MW, and the flame height 

2.5m. 

 

Oleszkiewicz [42] conducted full scale experiments investigating the heat flux above a 

window from which externally venting flames projected, and found the heat flux density to be 

as high as 200kWm-2.  The heat flux decreased with increasing height above the window.   

 

Back et al. [46] found in their experiments on fires adjacent to walls that the temperature data 

fitted in to two different phases; that within the flame and that within the plume.  There was 

found to be no separate region for intermittent flame.  The centreline temperature was 

expressed as a function of height above a virtual origin and the heat release rate.  The peak 

heat flux measured in the experiments was shown to be independent of the aspect ratio of the 

flame, but dependent on the heat release rate. 

 

Bullen and Thomas’ [33] experiments on compartment fires with non-cellulosic fuels showed 

the flames to be approximately 10% higher than those that were based on a temperature of 

540°C, such as by Seigel [10].    In general the flame heights observed were below those of 

the work of Thomas [29], and Thomas and Law [47], using the data of Webster et al. [7-9], 

Yokoi [2] and Seigel [10].   The flames were seen to widen when emerging from narrow 

windows. 

 

Bullen and Thomas [33] use the concept of an excess fuel factor, f, for correlating their 

results.  This is defined in Equation 27.  The excess fuel factor uses a similar concept to that 

of Delichatsios et al in their non-dimensional heat release rate, and is thus also shown to be a 

key parameter in defining external flaming.  The numerator of the non-dimensional heat 

release rate given in Equation 26 represents the potential energy that remains to be burnt in 

the hot gases that leave the compartment opening.  This is determined to be the theoretical 
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total heat release from the fuel delivered to the compartment, less the energy that is released 

inside the compartment as dictated by the ventilation limit for the particular opening in use.  
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An equivalent statement to the non-dimensional heat release rate of Equation 26, using the 

excess fuel factor, is: 
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Snegirev et al. [45] investigated both experimentally and numerically the behaviour of flames 

within and extending from a compartment opening.  The critical gas flow rate for projection 

of flames was determined, along with the delay between ignition and the appearance of flames 

outside the opening.  Three combustion modes are described for the flames; internal flaming, 

those partially outside the opening, and completely external flaming.  Internal flaming 

occurred at low gas flow rates, and in the cases of completely external flaming the opening of 

the compartment acted effectively as the burner surface.  In experiments with a small opening 

cross section (0.09m in height and 0.075m wide), large bursts of flame were emitted from the 

opening, after which it extinguished.  Specific information regarding the gas flow rates at 

which each mode of burning occurred for the larger openings (0.09m high and 0.115m wide) 

is not discussed in detail by Snegirev et al. [45].  The non-dimensional equivalence ratio, Ф, 

was used in the analysis.  Although flame height was not specifically investigated here, the 

numerical simulations showed comparable results to experiments for the time to projection 

after ignition.   

 

Klopovic and Turan [38-40] investigated the effects of ventilation (through-draft and no-

through-draft) and wind on externally venting flames, in full-scale experiments in a room 

measuring 3.6 × 5.3 × 2.4m.  There was a 2.4 × 1.5m window in the burn room, and a non-

combustible façade.  Furniture was used as the fuel, with the layout intended to mimic a 

typical lounge or living room situation with a fuel load density of 28kg/m2 (wood equivalent).  
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The window in the room was lowered manually to simulate glass breakage.  The temperature 

of the hot gases outside the opening was measured, and the fire intensity determined by the 

mass loss rate of the fuel, rather than the heat release rate.  

 

Observations of the flame height were made during the period of consistent external flaming 

(CEF), which is defined to occur based on burn room temperatures, mass loss data, 

temperatures just outside the opening and visual observations.  The flames were observed to 

be 2.78 - 3.34m above the opening; taller the 2.6m prediction made based on Law’s flame 

height given in Equation 16.  The flame height corresponded to a flame temperature of 

approximately 540°C.  During the experiments, a spandrel of 1.2m was provided between the 

burn room window and that of an upper level.  The glass in the upper level window was 

dislodged in each test that was conducted, although the spandrel was approximately three 

times taller than the length listed by Yokoi [2] to prevent such an occurrence. 

 

2.5 Horizontal flame projection 

Law and O’Brien [11] address both the flame height, as reviewed in Chapter 2.4.4, as well as 

horizontal projection.  Figure 2.4 in Chapter 2.4.4 illustrates the definition of the parameters 

in the equations below.  For the case in which there is a wall above the opening, horizontal 

projection, P, depends on the ratio of window height to width as follows: 
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For no wall above the opening, as is the case in the present work, the projection is given in 

simplified form in Equation 29.  
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2.6 Effect of horizontal projections on flame heights 

Horizontal projections, such as balconies, positioned above compartment openings may 

deflect externally venting flames away from the building façade, hence reducing the risk of 

vertical fire spread above the room of fire origin. 

 

Although useful for protecting a building above the room of fire origin, horizontal projections 

such as building eaves may also lead to lateral spread of fire to nearby compartments.  This is 

particularly the case if they are constructed of combustible materials.  Feedback to the façade 

below the projection may promote horizontal fire spread away from the room of origin [37].  

The risk of horizontal fire spread associated with the use of horizontal projections is 

outweighed by the benefits in preventing vertical fire spread. 

 

2.6.1 Yokoi 

In Yokoi’s experiments [2], horizontal projections were found to considerably reduce the 

likelihood of fire spread to an upper storey, due to the change in trajectory of the hot gases 

away from the building.  However, the hot gases returned to the original un-deflected 

trajectory as they rose further.  The temperature of the hot gases was lower when there was a 

horizontal projection present.   

 

2.6.2 Law 

The overall geometry of a flame projecting from a compartment opening as presented by Law 

[11] is illustrated below in Figure 2.6.  An effective thickness is determined for a flame 

profile such that the radiation transfer is equivalent to the integrated effect of radiation from a 

real flame with a non-uniform temperature profile.    

 

Law [11] states that the presence of a balcony or horizontal projection will deflect the flame 

as it exits the opening, yet that the overall flame length along its axis, X, will remain the same 

as for the un-deflected flame.  After deflection by a balcony or other horizontal projection, the 

flame is said to turn back in towards the un-deflected trajectory. 
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 X = path length of (a + b + c) X = path length of (a + b + c + d + e) 

 
Figure 2.6 - Assumed trajectories of flames emerging from compartment openings [11] (Natural draught, 

h  < 1.25w, wall above opening) 

 

The flame length along the axis is given by: 
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2.6.3 Suzuki et al. 

Further studies on the effect of balconies in reducing fire spread have been conducted 

experimentally [1, 48, 49], and subsequently numerically [6] using a 1/7
th scale model of a 

multi-storey building with continuous balconies extending along the length of the building.  

The effect of the balcony depth was investigated, along with the heat release rate of the fire 

z 

h 
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provided by gas burners.  The hot gas temperature profiles from the openings were 

determined.  

 

Experimentally, the balconies were found to result in higher temperatures within the fire 

room.  The temperature along the trajectory decreased more quickly with a balcony present.  

The flame configurations were obtained by image processing of videos of the flames.  The 

ejected flames re-attached to the façade wall for small depths of balcony, and the flame height 

above the balcony decreased as the balcony depth increased.  The averages were compared 

with flame heights determined by observation, with the two methods giving similar results.  

 

2.6.4 Oleszkiewicz 

Oleszkiewicz [42] conducted full scale experiments using wood cribs and propane gas at two 

burn facilities and determined the heat transfer to the wall above a window exhibiting external 

flaming.  The effect of the façade geometry was also investigated, with the addition of 

horizontal projections.  The heat flux on the wall above the window was recorded.   

 

The experiments conducted using propane gas yielded lower heat fluxes to the façade wall 

than those using wood, due to the lower emissivity of the propane flames.  Low, wide 

windows were found to result in higher heat transfer to the façade above the opening, and 

small windows produced larger flames than the larger windows.  Horizontal projections 

deployed above the opening were found to substantially reduce the heat flux to the wall 

above, while vertical projections on either side channelled the flames above the opening, and 

thus resulting in higher heat flux recordings.  

 

Oleszkiewicz [43] also investigated the effectiveness of spandrel walls compared with 

horizontal projections in reducing the risk of vertical fire spread.  An impractical 2.5m length 

of spandrel wall was required in order to prevent the spread of fire to the level above that of 

fire origin.  The same reduction in exposure to the upper façade 1m above the opening was 

gained by using a 0.3m horizontal projection and for less than 0.5m above the opening by 

using a 0.6m projection.   
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2.6.5 Hakkarainen and Oksanen 

Hakkarainen and Oksanen [37] performed post-flashover tests on a 4.0 × 2.6 × 2.2m room 

with a 3.0 × 1.2m opening.  The opening factor, A h /AT was 0.079m½, where A is the 

window area, h the height of the window and AT the total area of walls, ceiling and floor.  

Wood cribs were used as the fuel, and various façade configurations were used.  Their results 

showed that although a 400mm deep cantilever above the window delayed the ignition of the 

wooden façade, a much deeper projection would be required to prevent its ignition.  The 

effect of window width was also investigated.  The compartment temperature in the 

experiments with a wider opening was 1000 to 1200°C, and 800 to 1000°C with a narrower 

opening which produced an under-ventilated fire. 

 

2.7 Effect of wind on external flames 

Early work by Thomas [50], who investigated the effects of wind on flame heights, showed 

that the wind speed had little effect on overall flame length.  The trajectory of the flame is, 

however, deflected horizontally in the direction of the wind. 

 

The effect of wind on flame heights projecting from compartment openings has been largely 

neglected, although it should be recognised that the no-wind conditions that prevail in 

laboratory experiments are not particularly representative of the atmospheric conditions that 

typically occur in real fire scenarios. 

 

2.8 Computational modelling 

Increased computational power in recent years has prompted the increased use of models in 

fire engineering, including studies on flame projection from compartment openings.  Models 

must, however, be used with caution until they have been shown to adequately represent the 

behaviour of a fire.  This may be confirmed by positive comparison of the results of the 

experiments with those obtained using the computer model.   

 

A variety of different fire-modelling programs are available, including both zone models and 

computational fluid dynamics (CFD) models.  Zone models divide a compartment into two 

layers; a hot upper layer of gases from the fire plume, and a cooler lower layer.  Control 

volume analyses are used, with regards to the conservation of mass and energy.  In New 
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Zealand, BRANZFIRE [51] is a commonly used zone modelling program.  In CFD models, 

the space being modelled is divided into numerous small cells, in which the Navier Stokes 

equations that govern the conservation of momentum, along with the equations for 

conservation of energy and mass are applied.  Sub-models are used to model other processes 

such as combustion and turbulence, to enable the program to model fires.  Fire Dynamics 

Simulator (FDS) [17] is a widely used CFD program developed by the National Institute of 

Standards and Technology (NIST), which generally uses a mixture fraction model for 

combustion and Large Eddy Simulation (LES) to address turbulence.  At the time of this 

research Version 4 is in use. 

 

In models that investigate the flow of smoke through vertical openings in compartments, the 

overall flows into and out of the opening are calculated by integrating over the height of the 

opening.  This accommodates the variation in density and pressure gradients that occur over 

the height of the opening.  A flow coefficient is used in the calculations, as in the case of flow 

through an orifice.  The flow coefficient varies slightly depending on such variables as the 

physical properties of the opening, and the Reynolds number.  Zukoski [23] suggests that the 

flows through a vertical opening in a compartment can be modelled to determine an effective 

height for the source of the plume.  In order to apply this theory to flame heights, a criteria for 

flame height is required.  For example, Yokoi’s [2] results have been related to flame height 

by selecting a specific temperature as being representative of the flame height.  Research into 

the concept of using an effective source height to determine flame heights from vertical 

openings in compartments is limited. 

 

2.8.1 Satoh and Kuwahara 

A two-dimensional model was investigated by Satoh and Kuwahara [52].  This did not 

account for the entrainment into the ends of the plume at the edges of the window.  This work 

also studied the effect of the presence of a balcony above each opening in a multi-storey 

building, and the flow of hot gases into the open window of a room above the room of fire 

origin.  An enclosed cavity was observed to occur between the vertical flow of the hot plume 

and the façade of a building with balconies. 
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2.8.2 Galea 

Work by Galea et al. [53] using CFD analysis focused on the temperature distribution of the 

hot gases exiting from a compartment, as was the focus of the study by Yokoi [2].  The 

models showed that the centreline of the hot plume was deflected away from the façade for 

narrow windows, while very little deflection was seen for the plume emerging from wide 

windows.  The exit velocity of the gases was higher for the narrow window, thus resulting in 

a greater horizontal projection before buoyancy effects became dominant.   

 

Following from this initial study, Galea et al. [5] used computational fluid dynamics (CFD) 

models to investigate external fire plume propagation and the effect of horizontal projections 

above openings, using CFDS-FLOW3D.  The compartment was 4 × 4.75 × 2.5m, and the 

window aspect ratio, n, was 9.1 (see Equation 13).  The fire was modelled as a heat source 

only, with no combustion reactions.  Three scenarios were investigated; no horizontal 

protrusion, and 0.5m and 1.0m deep protrusions.  It was found that the horizontal protrusions 

were effective in decreasing the temperature at the façade.  Attachment of the rising plume to 

the wall was noted to be in accordance with the observations of Yokoi [2], in that the plume 

was separated from the external wall for a short distance but subsequently re-attached. 

 

2.8.3 Mammoser and Battaglia 

Mammoser and Battaglia [6] investigated computationally the experiments of Suzuki et al. of 

a 1/7
th scale model of an apartment building with balconies, using NIST’s computational fluid 

dynamics model, FDS.   

 

The compartment in the modelling was 0.4m in height, 0.93m wide and 0.575m deep.  The 

opening was 0.27m high and 0.6m wide.  Three grid resolutions were used (30mm, 20mm and 

15mm) with the coarsest grid therefore having 180 cells spanning the opening.  The 

temperature profiles outside the opening obtained from the model showed the same general 

trends as the experimental results; however it was found that the room temperatures in the 

numerical modelling were 90° - 150°C higher than in the experiments. 
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Chapter 3 

Experimental Methodology  

 

The experimental programme followed in this research included a range of vertically 

orientated opening geometries representative of window shapes that are used in buildings, 

from which external flaming may occur during a fire.  The scenarios investigated 

experimentally were also modelled in computer simulations using FDS (Fire Dynamics 

Simulator, Version 4 [17]), as described in Chapter 6. 

 

The experiments were conducted at a reduced scale to that found typically in real buildings.  

The internal dimensions of the compartment used for the experiments were 

1.0m × 1.5m × 1.0m.  This compartment was used due to its availability, ease of adaptation to 

suit this research, and the practicalities of reduced scale over full scale experimentation.  The 

experiments took place in the Special Purposes Fire Engineering laboratory at the University 

of Canterbury. 

 

3.1 Scope of the experimental work 

This experimental work investigated the effect that the height and width of an opening, and 

the heat release rate of the fire, have on externally venting flames.  A single-level 

compartment with an opening in one end was the focus of this work, with free space above 

the top of the compartment above the opening.  The effect of a continuous façade above the 

opening was not investigated in this experimental programme. 

 

A gas burner located in the compartment delivered propane fuel throughout the experiments. 

The experiments were conducted with propane fuel supply rates set to exceed the 

stoichiometric ratio of fuel to oxygen supply.  This is expected in a post-flashover fire 

commonly exhibiting flaming outside of the fire compartment.  The heat release rate for a 

ventilation-controlled fire for each opening was evaluated as  

 

 hAQVL 1500=&  (32) 
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The size of the fire generated was limited by the maximum flow of gas that could be delivered 

to the compartment.  The theoretical heat release rate as determined by the gas passing 

through the mass flow controller is herein referred to as mfcQ& .  Data over a range of mfcQ& / VLQ&  

ratios was obtained, with a higher ratio achieved for the smaller openings.  The experimental 

programme involved both tall, thin openings and short, wide openings.  The aspect ratio of the 

openings thus varied from 0.4 to 2.5.  Table 3.1 describes the geometry and range of mfcQ& / VLQ&  

investigated. 

 

Table 3.1 - Range of mfcQ& / VLQ&  and combinations of opening width and height investigated 

  h (mm) 
  200 300 500 

200 1.0 – 5.0 1.0 – 4.0 1.0 – 3.0 

300 1.0 – 4.0 1.0 – 4.0 1.0 – 2.0 

w
 (m

m
) 

500 1.0 – 4.0 1.0 – 2.5 1.0 – 1.5 

 

The combustion gases projecting from the opening of the compartment were collected in an 

exhaust hood located above the opening of the compartment.  The collected gases were 

sampled and analysed to determine the abundance of different species, to be used in 

determining the heat release rate during the experiments using the oxygen depletion method.  

The flame heights were monitored visually using continuous video recordings throughout, to 

enable the flames to be analysed by image processing techniques.  The video camera was 

located side-on to the compartment to enable both the vertical and horizontal projection of the 

flames to be captured.  Thermocouples were also located outside the compartment, that were 

adjusted to follow the centreline of the flame trajectory outside of the opening.   

 

3.2 The compartment 

The actual constructed interior dimensions of the compartment were 1030 × 1030 × 1540mm.  

Figure 3.1 shows a schematic of the compartment, with further details presented in 

Appendix A. 
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Figure 3.1 - Schematic of experimental compartment 

 

The shell of the compartment was constructed of stainless steel sheets on a steel frame.  The 

interior was lined with 25mm Kaowool board (1260) on top of 25mm Kaowool blanket (Cera 

Blanket 1260).  The front face, containing the opening, was lined with one 10mm thick and 

one 25mm thick layer of Kaowool board.  The linings were secured to the walls and ceiling 

using stainless steel disks and nichrome wire.  Kaowool board was used as an infill between 

the structural framing on the exterior of the door to create a flat vertical surface above the 

opening, as seen in Figure 3.2.  The board was painted black to reduce reflective interference 

with the video analysis process.  The infill also provided some protection to the stainless steel 

shell where it suffered the most severe thermal conditions. The thermal properties of Kaowool 

are presented in Appendix B. 

 

The front face of the compartment was hinged and could be easily opened to allow access to 

the interior of the compartment.  During the experiments it was clamped tightly shut at each 

corner.  A seal was achieved using Kaowool rope around the rim, held in place by high-

temperature sealant.  Potential leakage areas in the steel exterior were filled with high 

temperature sealant to prevent fire gases escaping from the sides of the compartment.  This 

ensured that all combustion products were collected in the hood and therefore analysed. 

 

The compartment was mounted on a frame such that the base was elevated approximately 1m 

above the ground.  The experimental set-up is shown in Figure 3.2 and Figure 3.6. 
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Figure 3.2 - Experimental set-up.  A 300mm × 200mm opening is shown in the front face of the 
compartment. 

 

3.3 Openings 

The core design of the compartment included a 500mm square opening centred on the front 

face.  Additional infill pieces, lined with the same thickness of Kaowool as the front face, 

were fitted into this opening to alter the size and shape of the opening for the various 

experiments, as shown in Figure 3.3.  The top of the opening was maintained at the same 

height for all of the experiments, 250mm below the inside ceiling of the compartment.  A 

typical infill piece for the opening is illustrated in Figure 3.4 

Kaowool infill 
above opening 
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Figure 3.3 - Construction of various opening geometries 

 

 

 
Figure 3.4 - 300 × 100mm infill piece for the opening 

 

3.4 Fire source and fuel 

The fuel was 100% LPG (C3H8), delivered to the compartment by means of a gas burner.  

Past researchers have used a variety of fuels, including wood and various hydrocarbon fuels.  

The advantage in using propane over wood cribs is in the ability to control the delivery rate of 

fuel to the compartment, and hence the heat release rate.   
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A circular burner with surface area of 0.09m2 was used, the top of which was located 200mm 

above the compartment floor.  It was located midway across the width of the compartment.  

The burner was located at the rear of the compartment to minimise the possible effects of 

natural flame extension out of the opening, with 70mm clear space to the rear wall.  The 

geometry of the burner itself was not expected to have a notable influence on the flame 

heights obtained, and hence was not varied throughout the experimental programme.   

 

The flow of gas was adjusted with a mass flow controller. The mass flow rate of gas delivered 

to the compartment was controlled by altering the voltage measurement to a set portion of that 

determined to correspond to the maximum possible flow.  The conversion constant was 

κ = 122.5kW/V.  The gas passed through ceramic diffusers to encourage an even distribution 

of gas over the entire burner surface area.  The gas delivery rate required to generate a 

specific theoretical maximum heat release rate is determined from Equation 33. cHΔ for the 

fuel used is 46.45MJ/kg. 

 
c

mfc
f H

Q
m

Δ
=

1000

&
&  (33) 

 

The capabilities of the gas delivery system dictated the range of experimental data that could 

be obtained.  The greatest heat release rate that could be obtained and sustained was 

approximately 300kW.  This limitation was considered during selection of the opening sizes 

to be used in the experiments, so that ratios of mfcQ& / VLQ&  of more than 4 could be achieved for 

the smaller openings.   

 

During the initial experiments, the gas supply line displayed difficulty in delivering a high 

flow of gas.  Consequently the delivery method was altered so as to supply gas from eight 

rather than four 45kg LPG bottles.  The experiments conducted under the new system were 

200 × 500mm, 200 × 300mm (b), 500 × 200mm, 500 × 300mm (b), 500 × 500mm. 

 

3.5 Instrumentation  

All thermocouple, heat flux and gas analyser data was recorded using the Universal Data 

Logging (UDL) system.  Data was recorded at 1s intervals.  The instrumentation boxes were 

covered with blankets to shield from direct heating.  They were not affected adversely by heat 

during the experiments. 
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3.5.1 Thermocouples 

All thermocouples used in the experiments were Type K Chromel-Alumel.  Thermocouple 

trees were installed in the right rear and left front corners of the compartment 100mm from 

either wall, with 100mm spacing between each.  The top and bottom thermocouples were 

65mm from the floor and ceiling respectively, as detailed in Appendix A.  The rear corner tree 

is shown in Figure 3.5. 

 

 
Figure 3.5 - Rear corner thermocouples viewed through compartment opening, with stainless steel disks 

holding Kaowool wall lining in place 
 

An adjustable thermocouple tree was positioned outside the opening of the compartment, as 

shown in Figure 3.2 and Figure 3.6.  The thermocouples were supported at the end of 

horizontal rods directed towards the opening, from a main stand located centrally in front of 

the compartment.  The horizontal locations of the thermocouples could be manipulated by 

sliding the rods closer to or further from the compartment to follow the centreline of the 

flames over a range of horizontal projections.  The temperature at the flame centreline could 

therefore be determined for a range of horizontal projection of flames.  The rods were painted 

black to minimise their reflective surfaces and any resulting interference with the video 

analysis process.   They were supported at the end closest to the opening by a vertical wire 

that was suspended from a horizontal square hollow section that extended from the top of the 

mounting stand.  This reduced the movement of the thermocouples that occurred as the rods 

were heated by exposure to the fire.   
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In those experiments in which the original location of the thermocouples did not follow the 

flame centreline, the rods were adjusted during the experiment when safe to do so. 

 

 
Figure 3.6 - Fire compartment and adjustable thermocouple tree (dimensions in mm) 

 

 

3.5.2 Heat flux gauges 

One heat flux gauge was positioned above the opening on the exterior of the compartment.  

Two additional heat flux gauges were located horizontally 0.5m and 1.0m away from the front 

face of the compartment, as shown in Figure 3.6.  During the early experiments these gauges 

were aligned midway across the opening, positioned 130mm below the top of the opening.  

These were mounted on the same stand as the adjustable thermocouples and thus their 

positioning was somewhat restricted.  The heat flux gauges facing the opening were lowered 

part way through the experimental programme, as the heights of the openings generally 

increased.  During these experiments the gauges were located 275mm below the top of the 
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opening.  The two heat flux gauges at the front of the compartment were Schmidt-Boelter 

gauges, and a Gardon gauge was used above the opening.  All three gauges were provided by 

Medtherm Corporation. 

 

 
Figure 3.7 - Heat flux gauge mounting and supported thermocouple outside opening 

 

3.5.3 Gas analysers 

The exhaust gases from the experiments were collected in a hood located above the 

compartment, as shown in Figure 3.6.  Buoyancy caused the hot exhaust gases to rise quickly, 

and visually the hood was seen to collect all of the combustion products from the fire.  The 

hood extracted air from the test room at a typical exhaust rate of approximately 4m3/s.  The 

base of the hood measures 3m × 3m, such that the velocity of air flow at the base of the hood 

is approximately 0.5m/s.  This flow rate was deemed to not affect the height of the flames 

otherwise observed (refer to Section 5.2.4.4). 

 

The gases that passed into the hood were sampled in the duct further along the exhaust 

system, and subsequently analysed for their oxygen, carbon monoxide and carbon dioxide 

concentrations using a Siemens analyser.  The exhaust gas concentrations were subsequently 

used to determine the heat release rate of the fire, using the oxygen depletion technique 

described in Section 4.1.1. 
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Before being analysed, the exhaust gases passed through a filter to remove soot and tar, and 

the water vapour was removed from the sample using the drying agent Drierite.  The 

remaining gases were analysed for O2, CO and CO2.  The oxygen analysis used a 

paramagnetic method, while the carbon monoxide and carbon dioxide were analysed using a 

non-dispersive infra-red (NDIR) method. 

 

Initially, a gas sampler was also placed in the top corner of the opening, 50mm from the 

corner and 50mm inside the compartment.  The sample collected from this point was analysed 

by a set of Servomex analysers using a paramagnetic oxygen analysis method and NDIR for 

the carbon monoxide and carbon dioxide.  During preliminary experiments, the quantities of 

carbon monoxide and carbon dioxide in the exhaust gas sample surpassed the maximum 

concentrations that could be measured by the analysers.  It was therefore disconnected from 

the analysers after preliminary experiments.  The sampler tubing was left in place in the 

opening; however it was unobtrusive and was not observed to have any effect on the external 

flames and consequent flame height data.   

 

3.5.4 Video equipment 

A Canon XM2 digital video camcorder with a UV filter recorded images of the flames 

throughout the duration of each experiment.  The camera was positioned in the control room 

adjacent to the laboratory, and filmed the experiments from side on to the compartment 

through a plain glass window.  The camera location is illustrated in the schematic shown in 

Figure 3.1, and a typical image from the camera given in Figure 3.8.  A non-reflective canvas 

was hung on the opposite wall of the laboratory, beyond the region in which flames projected.  

This prevented reflections from other surfaces in the space from interfering with the analysis.   

 

The video recordings were made on to tape, and then transferred to computer and saved in 

digital format for the subsequent analysis, which is described in Chapter 4.  The video camera 

images were synchronised with the data logging system for each experiment before analysis 

of the results commenced.  This ensured that the flame height data corresponded to the 

appropriate gas concentrations (and hence heat release rate), temperatures and heat fluxes 

recorded.   
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Standard camera settings were maintained throughout all experiments.  The camera was used 

in “TV” mode, enabling the focus, exposure and shutter speeds to be manually adjusted.  The 

range of exposure available was from -11 to +11, with the negative values used for situations 

where the image is very bright and the background dark. The exposure and shutter speeds 

were set at -5 and 1/500th of a second respectively.  Once these were set, the lights in the 

laboratory were switched off before recording commenced.   

 

 
Figure 3.8 - Typical camera viewpoint 

 

 

3.6 Experimental procedure 

3.6.1 Equipment configuration 

The experimental equipment was adjusted to suit the particular experiment that was to be 

conducted.  This included creating the desired opening dimensions by fitting the appropriate 

infill pieces.  
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The external thermocouples on the tree outside the opening were adjusted to suit the line the 

centreline of the flame was approximately expected to follow.  In some experiments these 

preliminary locations followed the centreline well, and subsequent adjustment during the 

experiment was not required.  In other experiments the initial alignment of the thermocouples 

did not follow the centre line of the flame.  They were moved if necessary, when the flames 

allowed access to the thermocouple tree without discomfort.  

 

3.6.2 Calibration burns 

Calibration burns were conducted regularly throughout the experimental programme to 

confirm that the gas analysers and gas delivery system were functioning correctly.  A 570mm 

diameter circular burner was used for these free-burn experiments, in which the mass flow of 

gas was set at a constant rate for burns of not less than ten minutes duration.  The calibration 

burns were deemed acceptable when the measured heat release rate results (with 60s 

averages) fluctuated by no more than ±5% of the set heat release rate, as shown in Figure 3.9.  

Only when the calibrations met this criterion were the compartment experiments conducted. 
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Figure 3.9 - Sample calibration burn results 

 

The method used to determine the heat release rate is presented in detail in Section 4.1. 
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3.6.3 Video camera set-up 

The video camera was rotated 90° to portrait view, and aligned to capture the entire flame in 

the view.  In some experiments in which taller flames were expected this required the camera 

to be aligned at an angle slightly above the horizontal, due to the mounting position available.   

 

No zoom was used in any experiments.  The shutter speed, exposure and focus were set as 

described in Chapter 3.5.4.  The camera was mounted in the control room adjacent to the 

laboratory, protected from the laboratory by a window.  The camera was located as shown in 

Figure 3.10, at an elevation of 150mm above the top of the opening. 

 

 

 

 

 

 

 

 

 

 

 

A short period of video was recorded in which the top and bottom of the opening were 

identified, for use as reference points in the video analysis.  The external thermocouple tree 

was clearly visible during this period, from which the scale of the video images could be 

established.  The lights in the laboratory were then turned off to reduce interference in the 

images due to reflections from objects other than the flames. 

 

3.6.4 The experiment 

Pre-baseline data was collected prior to the commencement of each experiment using span 

gases.  Adjustments were made to correct any errors observed in the pre-baseline data and the 

pre-baseline data recollected before an experiment was begun. 

 

Figure 3.10 - Location of camera relative to the centre of the opening, in plan view 
(not to scale)  

2750mm 500m

Window 

Centreline of opening 

Camera 

Compartment 
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At the beginning of the experiments, a three minute period of baseline data was collected 

before gas was delivered to the burner in the compartment and the spark igniter turned on.  

Once ignition occurred, the video camera was set recording. The flames were recorded for the 

duration of each experiment.  During each experiment, a period of approximately ten minutes 

in which stable heat release rate and flame behaviour was observed was maintained before the 

gas flow rate was changed.   shows the range of heat release rates achieved experimentally for 

each of the opening geometries. 

 
Table 3.2 - Heat release rates set by the mass flow controller, for all opening configurations 

 h = 200mm h = 300mm h = 500mm 
 

mfcQ&  (kW) mfcQ& / VLQ&  mfcQ&  (kW) mfcQ& / VLQ&  mfcQ&  (kW) mfcQ& / VLQ&  

w = 200mm 26 1.0 59 1.2 155 1.5 
 53 2.0 70 1.4 208 2.0 
 80 3.0 95 1.9 261 2.5 
 107 4.0 98 2.0 294 2.8 
 134 5.0 119 2.4   
   144 2.9   
   148 3.0   
   169 3.4   
   193 3.9   
   197 4.0   
       

w = 300mm 48 1.2 74 1.0 159 1.0 
 80 2.0 110 1.5 174 1.1 
 119 3.0 147 2.0 198 1.2 
 161 4.0 184 2.5 222 1.4 
   220 3.0 233 1.5 
   292 4.0 251 1.6 
     271 1.7 
     291 1.8 
     297 1.9 
       

w = 500mm 76 1.1 122 1.0 186 0.7 
 97 1.4 221 1.8 221 0.8 
 131 2.0 242 2.0 246 0.9 
 164 2.4 271 2.2 261 1.0 
 197 2.9 305 2.5 288 1.1 
 231 3.4     
 241 3.6     
 264 3.9     
       

 

In the majority of experiments the mass flow of gas to the compartment burner was initially 

set so that the theoretical heat release rate was at or near the ventilation limit.  The mass flow 

of the gas was subsequently increased in steps throughout the experiments to achieve a range 
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of values of mfcQ& / VLQ& .  In some cases, the experiments were commenced at higher ratios of 

mfcQ& / VLQ& , and the gas delivery rate subsequently decreased in steps.  This reduced the risk of 

the gas supply being interrupted due to the gas bottles freezing from high demand over an 

extended period of time.   

 

3.7 Scaling 

The experimental compartment used was a reduced-size room model.  It is approximately a 

0.4 scale model, under the assumption that a typical room is 2.4m high compared to the 

experimental compartment height of 1.0m. 

 

Mammoser and Battaglia[6] describe scaling laws using π-term techniques for heat release 

rate as follows: 
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Notation: 
.

Q   =  total heat release rate 

L  = length of the flame 

Dh  = hydraulic diameter at the base of the fire 

 

Subscripts: 

m  = model 

f  = full scale  

 

In order to be used in practical applications for real fire scenarios, the ratio of the flame height 

to room height, H, investigated experimentally should be the same as in real fires, as in 

Equation 35. 
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Thus the equivalent heat release in a full-scale fire can be found from the experimental heat 

release rates from: 

 mf QQ
.2

5
.

4.2
0.1 −

⎟
⎠
⎞

⎜
⎝
⎛=  (37)  

 

 mf QQ
..

9.8=  (38) 

 

Thus the maximum heat release rate achieved during this series of experiments, 305kW (see ), 

is approximately equivalent to a steady 2.7MW full scale fire in a compartment with 2.4m 

width, 2.4m height, and 3.6m deep.  The maximum opening size is equivalent to a 1.2 × 1.2m 

window and the smallest a 0.48m square window. 
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Chapter 4 

Data Analysis Techniques 

 

The data collected during the experiments was recorded at 1s intervals.  All quantities 

obtained during the analysis process are averaged over 60s periods for compilation into the 

results that follow in Chapter 5.  This reduces the effects of the noise in the recordings 

observed at 1s intervals. 

 

Measurements from the thermocouples were recorded directly as temperatures (°C), while the 

remaining quantities were recorded as voltage measurements.  These measured raw values 

were subsequently converted to standard unit measurements using appropriate conversion 

factors and calculations. 

 

4.1 Heat release rate 

The heat release rate in the experiments was determined from the concentrations of oxygen, 

carbon monoxide and carbon dioxide present in the exhaust gases passing through the duct.  

Instruments were calibrated with two known concentrations of gases prior to each experiment.  

Oxygen was recorded at 0% and 20.95%, carbon monoxide at 0% and 0.000803%, and carbon 

dioxide at 0% and 0.0452%.   

 

Two methods of calculating the heat release rates are presented here; the oxygen consumption 

technique and a thermochemistry technique.  Further details concerning the derivation of 

these methods are presented extensively by Enright [54].  The oxygen depletion method is 

primarily used in the assessment of the experimental results.  The thermochemistry technique 

is used here only for comparison purposes with the oxygen depletion method.  A comparison 

is made between the two methods using the data collected experimentally in Chapter 5. 

 

The theoretical heat release rate, based on the amount of gas delivered to the compartment 

( mfcQ& ), was determined by multiplying the measured voltage output by a constant of 

κ = 122.5kW/V.  This was based on the delivery rate of the gas according to Equation 39.  
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4.1.1  Oxygen depletion technique 

The oxygen depletion technique for determining heat release rate is based on the findings of 

Thornton [55], who found that essentially a constant amount of heat is released per unit mass 

of oxygen consumed.  Hugget [56] determined this to be 13.1kJ.g-1 for organic fuels, with 

accuracy of ±5% or better. 

 

The heat release rate from the experiments was determined by analysis of the exhaust gases 

passing through the hood.  The method of oxygen consumption described by Enright [54] was 

employed, using the Equations 40 and 41 below.  When O2, CO2 and CO are all measured, as 

in this experimental programme, the heat release rate can be determined from the following 

equations. 
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4.1.2 Thermochemistry technique 

The heat release rate of a fire can also be determined using a thermochemistry technique. This 

method was more commonly used prior to the introduction of the oxygen consumption 

technique, which was enabled by the development of sufficiently accurate oxygen analysers 

[57].  The thermochemistry technique is based on the production of carbon monoxide and 

carbon dioxide.  However, assuming that combustion is complete and follows the reaction 

described by Equation 42, the heat release rate is determined using Equation 43.  The full 

derivation of this equation is detailed by Enright [54]. 

 

 C3H8 + 5O2  3CO2 + 4H2O (42) 
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The assumption of complete combustion that is made here introduces negligible error into the 

analysis, as the quantity of carbon monoxide being measured in the duct is very small.  Over a 

range of heat release rates of up to more than 200kW in various experiments, the more 

detailed equation for incomplete combustion presented by Enright [54] was a maximum of 

0.2kW different to the simpler form, Equation 43.   

 

4.2 Flame analysis by image processing 

Image processing is a growing method by which results from fire experiments are analysed.  

The development of the digital video camera, coupled with increased computing power, has 

made this possible.  Image processing of video data has been used by a variety of researchers 

[1, 28, 36, 46, 48, 49].  Back et al. [46] used a 50% visual intermittency criterion for the 

average flame height, and also recorded the centreline temperature of the flames.  Using the 

thermocouple measurements the flame height was based on a 500°C temperature and 

compared with the visual data.  The two methods were found to generally agree well.  

Delichatsios et al. [36] also employed computational analysis of the flames and collected data 

on the 50%, maximum and minimum flame heights.  Zukoski et al. [24] performed 

experiments for open flames from three different burner sizes, and compared the flame 

heights obtained from video image analysis with those judged by eye.  An intermittency value 

of 0.5 (equivalent to the height  below which the flame exits 50% of the time) was used as the 

defining criteria for flame height, and the height range of the intermittent region of the flame 

was also observed.  A comparison of the eye average flame height with that found by video 

analysis showed that the eye average was typically 10 – 15% higher.   

 

The flames in these experiments are diffusion flames, characterised by a high degree of 

luminosity resulting from radiating hot soot particles.  The flames produced are generally 

easily visible to the naked eye and captured on video footage.  Sharp video images may be 

obtained for ease of analysis for by using an appropriate camera shutter speed.  

Computational analysis of these images is a systematic process, which does not rely upon the 

individual’s visual perception of flame height.  
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4.2.1 ImageStream (Version 5.03) 

Images of the flames from both experiments and FDS simulations alike may be analysed 

using ImageStream (Version 5.03) [58].  This program was developed by Dr Roger Nokes at 

the University of Canterbury for flow visualisation of fluids; however can be applied readily 

in the analysis of other visual data, as is illustrated by this work.  A sequence consisting of a 

number of frame-by-frame images is created in ImageStream [58].  The images may be in 

JPEG, GIF, PNG, BMP or TIF format and may be captured at any frequency. The red, green 

and blue (RGB) colour intensities of every pixel in an image are each stored as an integer 

ranging from 0 to 255.  ImageStream [58] processes images by manipulation and analysis of 

these colour intensities.  A range of filters and processes is available within the program to 

facilitate appropriate image analyses depending on the topic of interest.   

 

The product of the analyses in this research is a contour plot of intermittency for each data 

period.  The flame height for varying intermittency criteria, including I = 0.5, can thus be 

determined from the results of the following analysis procedure. 

 

4.2.2 Experimental video analysis 

Video images were recorded on tape throughout the experiments at a frequency of 25 frames 

per second (fps).  The images were subsequently captured and transferred to computer 

storage.  One-minute portions of images were extracted that corresponded to periods of stable 

fire behaviour.  Stable behaviour was determined as being a steady heat release rate (as 

measured by oxygen depletion) with a constant phase of flaming (e.g. not undergoing a 

transition from internal to external flaming).  Each one-minute period consisted of 1500 

images, which were collated to form an image sequence in ImageStream.  The duration of the 

analysis period was restricted by the processing capabilities of the computer used for the data 

analysis.  For the resolution of grid used in the averaging process, 1500 frames was near the 

limit of the memory capabilities.  Initial sensitivity analyses were performed to determine the 

optimal number of frames, duration of experimental video, and grid resolution of the analysis 

to obtain reliable results.  

 

In some experiments, when mfcQ&  was near the ventilation limit, glowing hot combustion 

products were emitted from the opening, however there was clearly no combustion occurring 
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outside the compartment.  In other cases the luminosity of the products seen outside the 

opening at the ventilation limit made it difficult to determine whether external combustion 

and flaming may also have been occurring within the glowing region.  An example of this is 

illustrated in Figure 4.1.  

 

 

 

 

 

 

 

 

 

 

 

 

In experiments in which large quantities of smoke were produced by the fire, the flames were 

engulfed by this smoke such that the edge of the actual flaming region was partially obscured, 

as in Figure 4.2.  During experiments in which there was minimal smoke visible, the flames 

were sharp-edged and very luminous.  This is indicated in Figure 4.3, which shows an 

example of the image manipulation process.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 - Wispy hot gases exiting the compartment opening, 
near the ventilation limit ( mfcQ& / VLQ& ≈ 1) 

Figure 4.2 - Smoky conditions obscure the flame 
edge, above the ventilation limit ( mfcQ& / VLQ& ≈ 2) 
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The videos could be best manipulated by extracting a single colour from the images; red was 

used as it gave the clearest flame outline.  The red-coloured images were manipulated further 

by applying a threshold filter that removed low colour intensities.  This removed interference 

from other objects and reflections that were visible in the raw video frames.  An intensity of 0 

indicates no red colour, and points with intensity of 255 are 100% red.  In most cases the 

threshold below which the red colour was removed was set at 200, however depending on the 

radiation given off by the flames and the obscuration of the flames by smoke, the threshold 

intensity applied to the images varied typically between 180 and 225.   

 

The red extraction and subsequent removal of low colour intensities resulted in clean and 

well-defined flame shapes.  Within the range of 180 to 225 indicated, the threshold used for 

each image sequence was selected so that the edge of the red-colour flame outline was judged 

to match the edge of the flame in the original video images. Sensitivity analyses were 

conducted to determine the range of variation in flame height results depending on the 

threshold chosen, and showed that there was generally negligible effect on the mean flame 

height.  Contours for lower probability for the flames were affected more by the selection of 

different threshold intensities, however this error is difficult to quantify or reduce. 

 

After the threshold filter had been applied, the remaining red colour intensities were amplified 

to 255 (the maximum intensity) and then normalised to a value of 1.  The outcome of the 

filtering process was a series of images with red intensity values of either 1 (where there was 

flame), or 0 (where there was no flame).  This series of images was time-averaged over the 

60s period (1500 frames) of the image sequence.  The time-averaging produced an intensity 

plot that described the probability of a flame existing at any particular location over the 60 

second period.  A 6mm grid resolution was used in the averaging process.   

 

Figure 4.3 shows the sequence of filters and the outcome of the time-averaging.  The product 

of the filtering process prior to time averaging is not included in Figure 4.3, as intensity 

values of 1 are too small to be distinguished by the eye.  There was some interference in the 

images from the thermocouple rods extending in to the flame centreline.  This is evident in 

image (d), where the otherwise relatively smooth contour lines are interrupted by sudden 

horizontal deviations.  These did not generally affect the extraction of flame height data, 

however in the limited situations in which the deviations coincided with the flame centreline 

data was retrieved by interpolation. 
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4.3 Temperatures 

The temperatures of interest in the experiments were recorded directly from thermocouples as 

temperature readings (°C).  As with other quantities, temperature recordings were averaged 

over 60s periods for analysis purposes.  

 

4.3.1 Temperature distribution from thermocouples 

The temperature distribution of hot gases leaving the opening was determined from the 

adjustable external thermocouple tree that followed the centreline of the flame.  The height at 

which the temperature profile reached specific temperatures was determined by linear 

interpolation.  

 

4.3.2 Compartment temperatures 

Thermocouple trees consisting of ten thermocouples each in the right rear and left front 

corners of the compartment (as indicated in Figure 3.1) recorded the temperature profile 

inside the compartment throughout each experiment.  The average compartment temperature 

at any time is taken as the average of all 20 temperatures recorded on the two thermocouple 

trees located the inside the compartment.   

 

4.4 Heat flux 

Heat flux gauge recorded voltages are converted to heat flux values using calibration factors 

supplied with the instruments, as listed in Table 4.1. 

 
Table 4.1 - Calibration factors for Gardon (above opening) and Schmidt-Boelter heat flux gauges 

Serial number Calibration factor Location 

 7.99mV per 100kWm-2 Top of compartment, above opening 

104151 17.1mV per 100kWm-2
 1.0m in front of opening  

104152 18.7mV per 100kWm-2 0.5m in front of opening 

 

4.5 Non-dimensionalisation 

The results of the experiments can be assessed using non-dimensional techniques.  Non-

dimensionalisation is a powerful mathematical tool that may collapse a series of different 
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experimental results down to obtain a single common relationship, regardless of the 

dimensions or specific details of a particular experiment.  Non-dimensionalisation generalises 

a set of experimental results such that the findings can be applied to a wide range of similar 

situations, which may not have been investigated specifically by experiment.  This allows the 

findings to be collated in a general manner such that the results can be applied over a range of 

fire scenarios.      

 

A summary of Buckingham’s Pi Theorem is given in many reference materials, including 

Kline [59].  Initially, the parameters deemed to be of importance in the experiments are noted.  

For the flame height experiments conducted here, these parameters and their respective units 

are: 

 

Z = flame height     [m] 

w = width of opening   [m] 

h = height of opening     [m] 

Q&  = heat release rate    [kW] 

Tcomp = compartment temperature  [K] 

∞T  = ambient temperature   [K] 

∞ρ = density of ambient air   [kgm-3] 

cp = specific heat of ambient air  [kJ/kg.K] 

g = gravitational constant   [ms-2] 

 

The basic dimensions involved in the important parameters include length [m], time [s], 

temperature [K] and mass [kg].   There are therefore four independent dimensions (k = 4).  

There are a total of nine parameters (m = 9).  The number of non-dimensional parameters is 

determined as: 

 

5=
−=

N
kmN  

 

The parameters h, ∞T , g, and ∞ρ  are selected as repeaters.  These parameters cannot be 

combined in any way to produce a non-dimensional expression.  The remaining parameters 

are non-dimensionalised using these repeaters, to obtain the following expressions:   
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These four non-dimensional variables represent the non-dimensional flame height, heat 

release rate, temperature and window width, and can be multiplied together without loss of 

non-dimensionalisation.  Dividing Equation 44 by Equation 48 gives: 
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The heat release rate, Q& , to be used in Equation 44 should be considered in terms of its 

relationship to the ventilation limit.  If the amount of fuel that is provided to the compartment 

requires exactly the amount of fresh air that can enter through the opening to combust, then 

all burning will occur inside the compartment.  In this case no excess fuel will flow out of the 

opening; hence no combustion will occur outside of the compartment, and consequently no 

external flaming will occur.  The heat release rate of importance in determining the flame 

height is therefore the excess in theoretical heat release rate above that of the ventilation limit.   

 

This can be represented by the following expression: 

 

 VLmfcexcess QQQ &&& −=  (50) 
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Therefore Equation 49 becomes: 
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Using the process described above, Equation 44 for the non-dimensional heat release rate uses 

the height of the opening as the non-dimensionalising length parameter.  It is logical, 

however, that in the non-dimensional expression for the heat release rate, the ratio of the 

excess heat release rate to the ventilation limit is important.  When Equation 51 is divided by 

Equation 47, the resulting expression is: 
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The term hA , which appears in the denominator of Equation 52, is commonly named the 

ventilation parameter.  This originates from the expression for the ventilation limit for a 

compartment fire, which is derived from the mass flow rate of air into a compartment through 

an opening with area A and height h [60]. 

 

 hAma 5.0=&  (53) 

 

For hydrocarbon fuels, approximately 3000kJ of energy is released for every kg of air 

available, and thus the expression in Equation 32 for the ventilation limit is obtained. It 

therefore is appropriate that the length parameter in the non-dimensional term for the heat 

release rate be represented by the ventilation parameter.   

 

 hAQVL 1500=&  (54) 
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Research by Delichatsios et al. [36] describes a parameter, 1l , used in their representation of 

the non-dimensional flame height.  This is related to the ventilation parameter as shown in 

Equation 55. 

 ( ) ( ) 5
2

5
2

1 hwhhA ==l  (55) 

 

This parameter may be substituted into the expression for the non-dimensional heat release 

rate, *Q& , such that: 
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In order to maintain consistency between the non-dimensionalising parameters, the flame 

height is also expressed using 1l . This is obtained by dividing Equation 45 by Equation 47 to 

the power of 2/5: 
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The remaining non-dimensional expressions are: 
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Note that w* is related to the window aspect ratio, n, described by Yokoi [2]. Yokoi showed 

this parameter to influence the trajectory of the flames in experiments where there was a 

vertical wall above the room of fire origin.   
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In the experiments conducted in this research there was only an intrinsic, short 350mm façade 

above the opening, creating the soffit between the top of the fire compartment and the top of 

the opening.  Above the top of the compartment there was no extended façade, thus allowing 

free air entrainment in to the flame from all angles.  In this non-dimensional analysis, the 

parameter w* has been incorporated into the non-dimensional expression for the heat release 

rate in the form of the parameter 1l  (refer to Equation 55.  Thus in this research the parameter 

n, or w*, is not specifically deemed important in itself in this analysis.   

 

At steady state conditions, the compartment temperature is not deemed important.  The 

temperature would depend on the size of the opening, and the heat release rate.  Therefore the 

non-dimensional flame height becomes dependent only on the non-dimensional heat release 

rate. 

 ( )** QfZ &=  (60) 

 

For the present research, in which w* and *compT  are not deemed important, the flame height 

can therefore be expressed as 

 

 ( )** QfZ &=  (61) 
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The use of the non-dimensional equivalence ratio for collation of results is used in some other 

works including Snegirev et al. [45].  The equivalence ratio is the ratio of the available fuel 

mass to the available oxygen (or air) divided by the stoichiometric mass fuel to oxygen (or 

air) ratio, Ф, This is not possible in this research due to the unknown flow rate of air into the 

opening.  
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Chapter 5 

Results and Discussion 

 

This chapter presents the findings of the series of experiments performed to investigate flame 

heights, in which propane gas was burnt inside a 1.0 × 1.5 × 1.0m compartment.  The results 

of the flame height analyses are presented, addressing the variation of flame height with the 

gas delivery rates to the compartment.  Other experimental results, including the extent of 

incomplete combustion and the concentrations of combustion products, are also discussed.  

The heat release rate, species yields and compartment temperatures recorded for the entirety 

of each experiment are presented in Appendix C. 

 

The names of the experimental series used in each graph in this Chapter indicate the size of 

the opening in that particular experiment, in terms of the width and height respectively.  In 

some cases, more than one experiment was conducted using the same opening dimensions.  

These are identified by letters (a), (b) and (c) where appropriate.  The letters do not 

necessarily indicate that the experiments were replicas; in some cases the gas delivery rates 

used were different in each experiment.  For example, 200 × 300 (a) refers to the first of the 

experiments conducted with a 200mm wide and 300mm high opening.   
 

All data points plotted in the graphs in this Chapter have been obtained by averaging the 

experimental results obtained over 60 second periods.  This averaging has been performed to 

smooth the noise in the raw data measurements.     

 

5.1 Heat release rate 

5.1.1 Measured heat release rate, ODCQ&  

The actual heat release rate throughout each experiment was determined using oxygen 

depletion methods described in Chapter 4.1.1.  This was less than the maximum heat release 

rate theoretically achievable, as determined by the gas delivery rate, due to incomplete 

combustion of the fuel. 



 

 

Chapter 5 – Results and Discussion 

64 

A delay occurs between combustion occurring and the resulting products being analysed.  

This delay consists of a travel time delay and a response time delay.  The travel time is the 

time taken for the gases to reach the analysers, and the response time delay is that required for 

the analysers to register a change.   

 

The delay is difficult to quantify in these experiments, due to the large number of components 

involved in the system, the variability in their individual delays, and the combined effect on 

the data gathered.  An experiment in which a fire extinguisher was discharged under the hood 

showed that it took approximately 25s for the carbon dioxide to first be registered by the 

analysers; however the peak in the carbon dioxide concentration did not occur until 

approximately 40s had passed.  In experimental conditions with buoyant gases the use of 

either of these values as the definitive time lag cannot be justified. 

 

The uncertainty in the delay until the analysers register the experimental gas concentrations 

has been taken into account with the possible errors involved in the experimental results.  For 

example, the mass flow of the gas was kept at a constant value until a period of approximately 

ten minutes had passed during which the heat release rate was fairly stable.  The error in the 

heat release rate for each data point has been taken as the maximum and minimum fluctuation 

over that period, as illustrated in the example shown in Figure 5.1. 
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Figure 5.1 - Method for the determination of error in heat release rate, ODCQ&  
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5.1.2 Comparison of oxygen depletion and thermochemistry methods 

The results of the oxygen depletion method of heat release rate analysis and the 

thermochemistry technique described in Chapter 4 showed similar trends; however were not 

consistent in value.  The thermochemistry heat release rate histories varied from those of the 

oxygen depletion method by as much as 29%, such as in the 200 × 500mm experiment 

indicated in Figure 5.2.  In some cases the two methods produced very similar results, with a 

difference of less than 5% over the duration of an experiment.  In most sets of results, the 

thermochemistry method shows a lower heat release rate than that determined by oxygen 

depletion. 
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Figure 5.2 - 200 × 500mm heat release rate 

 

Generally, there was a larger difference between the heat release rates determined from 

oxygen depletion and thermochemistry when there was a higher yield of carbon monoxide.  In 

these situations a higher yield of soot is also expected.  As soot is removed by filters before 

the exhaust gas reaches the analysers, carbon is removed.  Therefore there is less carbon 

content to be measured within the carbon monoxide and carbon dioxide readings.  This may 

result in the smaller heat release rate obtained using the thermochemistry calculation. 
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5.1.3 Non-dimensional heat release rate, *Q&  

The derivation of the non-dimensional variables used to present the experimental results is 

described in Chapter 4.  The non-dimensional heat release rate is: 
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A value of *Q&  = 0 expresses the condition during which the fire is of such a size in that all of 

fuel can be burnt inside the compartment.  In this situation the mass flow controller would 

deliver sufficient gas to theoretically provide a heat release rate of 1500A√h, the ventilation 

limit for the particular opening size.     

 

The product of the terms in Equation 52 in front of the ventilation parameter hA  varies 

minimally throughout the experiments, from 1088 to 1089.  Therefore the non-dimensional 

heat release rate depends essentially only on the ratio between the excess fuel and the 

ventilation parameter, hA . 

 

Errors in the calculated non-dimensional heat release rates were incurred by soot 

accumulation in the opening of up to 20mm thickness.  This resulted in a reduction in the 

ventilation parameter, hA , and associated ventilation limit during some experiments, 

estimated to be by as much as 10%.  This is discussed further in Chapter 5.2.4.6.   

 

5.2 Flame height 

In this research, the neutral plane in the opening is used as the reference height for the flame 

height measurements.  The neutral plane is the elevation within the opening above which hot 

gases exit the compartment, and below which fresh air enters the compartment.  Typically, 

hot gases and flames exit from the upper one half to two thirds of the height of the opening, as 

found by Yokoi [2] and other researchers since.  Delichatsios et al. [36] also used the location 

of the neutral plane as the reference for flame height.  It was specified as being 0.4h from the 

bottom of the opening, with hot gases therefore flowing from the upper 60% of the opening.  

This reference plane is also used in the following results, and is illustrated in Figure 5.3. 
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Figure 5.3 - Location of the neutral plane, as the reference point for flame height 

 

The flame height results of the experiments are presented in non-dimensional form in Figure 

5.4, with the contour plots for each data point presented in Appendix D.   
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Figure 5.4 - Flame height dependence on heat release rate 
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Within several experiments, the flame heights were investigated to determine the variation 

that occurred while mfcQ&  was constant, with ODCQ&  fluctuating about a constant mean. Each of 

these points is included in Figure 5.4.  There was minimal variation between the flame heights 

observed in these cases.  There was, however, substantial change in the flame heights 

determined from experiments during which transitional behaviour was observed in the 

measured heat release rate, while mfcQ&  was constant.  In these transitional situations both the 

flame height and measured heat release rates changed.  The most striking example of this 

behaviour is observed in the experiment with a 300 × 500mm opening.  This is discussed 

further in Chapter 5.2.3. 

 

Note that the non-dimensional flame heights in Figure 5.4 for experiments 500 × 300mm (a) 

and (b), and 200 × 500mm, are generally lower than observed in other experiments.  During 

these experiments there was a significant quantity of smoke generated, partially obscuring the 

flame edge.  Therefore there was a greater error associated with the flame analysis process for 

these cases, which may also influence the accuracy of the results presented.   

 

A slightly altered relationship between flame height and heat release rate is illustrated in 

Figure 5.5, where the non-dimensional heat release rate is expressed using Equation 51 and 

the flame height is the non-dimensional expression shown in Equation 45 reproduced below. 
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Figure 5.5 illustrates more closely grouped data points; however the nature of the non-

dimensionalisation and the experiments conducted result in only one experiment providing 

points for the larger values of non-dimensional heat release rate.  This would require further 

investigation to determine a larger number of data points for these values prior to establishing 

trend lines and expressions for the relationship between the two variables. 
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Figure 5.5 - Flame height dependence on heat release rate, both non-dimensionalised with h as the length 

parameter 

 

5.2.1 Comparison with Delichatsios et al. 

Delichatsios et al. [36] used the following logarithmic method of presenting the results of 

their experiments, which was similar to the experiments in the present work.   In Delichatsios’ 

work, the size of the compartment was smaller, ranging from 0.5m cubed to 0.5 × 0.5 × 1.5m, 

and a tall external façade was also present above the opening.  Each experiment used a single 

heat release rate, and was run until stable behaviour was achieved.  The work by Delichatsios 

et al. [36] is described in further detail in Chapter 2.4.5.  A comparison of the results to the 

current work is made in Figure 5.6. 

 

In comparison, the present work utilises a larger compartment and therefore illustrates slightly 

more realistic fire compartment geometry, although true full-scale testing is not conducted as 

part of this research.  Furthermore, the present work includes only an intrinsic, short façade 

above the opening that extends to slightly above the level of the compartment ceiling rather 

than a full extended façade as in Delichatsios et al. [36].  
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Figure 5.6 - Comparison of flame height results to Delichatsios et al.[36] 

 

The solid line indicated in Figure 5.6 was originally presented by Delichatsios et al. [36].  

Delichatsios et al. [36] relate the two-fifths relationship for larger Z* values to the power 

relationship for flame height in an axi-symmetric, i.e. free-burning, situation.  The two-thirds 

relationship for the slope for small *Q&  reflects the power relationship between flame height 

and heat release rate for wall fires with side walls.  For small *Q& , flames extending from the 

opening are short and therefore entrainment into the plume is reduced by the adjacent façade 

wall, above the opening.  However for larger *Q& , the effect of the wall becomes less 

prominent, as a comparatively smaller portion of the flame perimeter is affected by the wall.  

The relationship between *Q&  and Z* for the larger flames in this situation is more like that of 

an axi-symmetric fire. 

 

The results of the experiments conducted in the current work deviate from the results obtained 

by Delichatsios et al. [36] and show greater scatter.  The differences between the 

experimental methodology adopted here and that used by Delichatsios et al. [36] contribute 

toward the variation in results.  During the experiments conducted by Delichatsios et al. [36], 
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steady state conditions were established.  Although this was also intended for the current 

work, revision of the results indicates that in some experiments this was not achieved.  While 

the heat release rate appeared to have stabilised, the species yields and flame heights were 

later discovered to still be transient in some cases.  In particular, the carbon monoxide species 

yields were not stable; however this had minimal effect on the calculated heat release rate 

which therefore appeared quite stable even though the concentration of the species was 

transient.  During the experiments, the change in flame height tended to occur at a gradual 

rate as the fire stabilised; hence this was not always obvious to the observer.  The change was, 

however, evident in the video analyses, and accounts in part for the scatter in the results.  

 

The spread in the flame height results increases as *Q&  decreases towards zero.  *Q&  = 0 

represents the case where mfcQ&  = VLQ& .  In this situation the fuel supplied to the compartment 

matches that of the ventilation limit, so that the fresh air flow into the compartment through 

the opening provides sufficient oxygen for all the fuel to theoretically combust inside the 

compartment.  Transitional behaviour of the fire was observed where mfcQ&  = VLQ& , as is 

discussed further in Chapter 5.2.3.  This transitional behaviour corresponds to the increase in 

the scatter of the flame height results for small *Q& . 

 

The use of the neutral plane as the point of reference may result in apparently larger flame 

heights near the ventilation limit.  Consider Figure 5.7 below, where the flame extends only 

slightly above the top of the opening.  When the neutral plane is used as the reference height 

for the measurement, the flame height is disproportionately large. 

 

 

 

 

 

 

 

 

 
 

Figure 5.7 - Flame measurements from different reference points 
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An extended façade was not used above the opening in the experimental research detailed in 

this work.  After the hot gas exiting the opening rose above the top of the compartment roof, 

entrainment was facilitated into the hot gas plume from all directions, as in Figure 5.8 (b).  In 

comparison, the tall façade used by Delichatsios et al. [36] above the opening reduced the 

amount of entrainment into the fire plume, as in Figure 5.8 (a).  Reduced entrainment of air 

into the plume contributes towards a taller flame, as a greater length is required for the same 

amount of air to be mixed with the un-burnt gases exiting from the compartment.   

 

 
 

Figure 5.8 - Side elevation of compartment and flames, with façade (left) and without façade (right) 

 

As described in Chapter 2.3.2, the flame may be approximately 30% longer when bounded on 

one side for its entire length.  The lines fitted to the data obtained by Delichatsios et al. [36] 

have been adapted in Figure 5.9 to compensate for the absence of wall above the window in 

the current experiments.  The adapted relationship is shown as the dashed line in Figure 5.9.  

This has a much greater correlation to the flame height results obtained in this experimental 

work. 

 

For the purposes of this research and providing a simple expression for application, the 

trendline has been developed with *Q& = 1 being the point of change in slope in the graph.  

The coefficients of the two equations shown in Figure 5.9 were then determined by solving 

the log equations for the known points on the fit lines drawn by Delichatsios et al [36]. 

Zwall ≈ 1.3Z 
Z 

(a)  (b) 
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Figure 5.9 - Flame height dependence on *Q& , including relationship adapted from Delichatsios et al. [36], 
for flames in the absence of a wall above the opening 

 

 

5.2.2 Relationships expressing flame height 

The results obtained in the experiments compare well to the relationship adapted from 

Delichatsios et al [36] for larger values of *Q& .  The results and adapted relationship are 

presented for practical application in Figure 5.10.   
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The simplified expression for *Q&  passes through the origin of the graph, under the 

assumption that no external flaming occurs when *Q&  is zero.  This corresponds to the heat 
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release rate being at the ventilation limit.  It should be noted, however, that some external 

flaming was observed experimentally when the heat release rate was less than the ventilation 

limit, particularly in experiments with larger sized openings.  This may be due in part to the 

natural flame length exceeding the length from the gas burner to the opening.  This is 

discussed further in Chapter 5.2.4. 
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Figure 5.10 - Experimental results and relationships 

 

The trendline values are a maximum of 1.86 times larger than the collected data points, and a 

minimum of 0.42 times the corresponding data point for *Q& .  The trendline values are an 

average of 1.06 times that of the measured data points. 

 

During some experiments, the behaviour of the fire was observed to change when the gas 

delivery rate was held at a constant level.  This was particularly evident in results obtained 

from experiment 300 × 300mm (b).  mfcQ&  was initially set equal to VLQ& , and sustained at this 

level for approximately 60 minutes.  After this time, mfcQ&  was increased to 2 VLQ&  and the 

experiment was run until stable conditions had developed.  Approximately 30 minutes passed 
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before the heat release rate measured by oxygen depletion stabilised at the new level, during 

which time the average temperature measured inside the compartment decreased 

continuously.  The change in mean flame height in relation to the compartment temperature as 

the fire stabilised over this period is illustrated in Figure 5.11.  The full results for the heat 

release rate and compartment temperature are included in Appendix C.  

 

This behaviour indicated that the flame height may be better represented when the 

non-dimensional heat release rate *Q&  is divided by the non-dimensional compartment 

temperature, Tcomp*, introduced in the non-dimensionalisation process in Chapter 4.5. 
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Figure 5.11 - Variation of flame height and temperature with constant  mfcQ&  = 2 VLQ&  for 300 × 300 (b) 
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The parameter Tcomp* was initially not regarded as being important in the analysis due to the 

intention of achieving steady state conditions during the experiments.  However the 

experimental results illustrate that this was not achieved for all of the experiments.  Dividing 

*Q&  by Tcomp* retains non-dimensionality, with the adapted parameter defined as: 
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The non-dimensional flame height is plotted in terms of **Q&  in Figure 5.12, with the 

trendline relationship passing through the origin of the graph. 

 

The data points in Figure 5.12 show less scatter than those in Figure 5.10.  The relationship 

for small **Q&  again assumes that when the heat release rate is at or below the ventilation 

limit there is no external flaming.  The more clearly defined relationship seen when using the 

parameter **Q&  indicates that the compartment temperature influences the flame height.   
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Figure 5.12 - Experimental results for adjusted **Q& , incorporating non-dimensional Tcomp* 

 

The trendline values are a maximum of 1.47 times larger than the collected data points, and a 

minimum of 0.38 times the corresponding data point for *Q& .  The trendline values are an 

average of 0.985 times that of the measured data points. 

 

A variety of methods are available for predicting the temperature in a compartment fire.  It is 

beyond the scope of this research to verify these prediction methods, particularly given that 

stable conditions were not observed during all of the experiments.  The relationship for flame 
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height with respect to the adapted non-dimensional heat release rate **Q&  is therefore 

currently unsuitable for design applications, pending further research. 

 

5.2.3 Transitional flame behaviour 

The emergence of external flames during the experiments depended on the amount of fuel 

delivered to the compartment, and the size of the opening.  However even while these were 

held constant, variation was observed in the behaviour of the flames.  Several different phases 

of behaviour were observed throughout the experimental programme, depending to some 

extent on whether the gas delivery rate was low (that is, near to the ventilation limit) or high 

(fuel rich).   

 

5.2.3.1 Flame bursts and self extinguishment 

During the experiments in which the opening was very small, the fire had difficulty in 

achieving sustained burning and tended to extinguish in the early stages.  Large bursts of 

flame were projected from the opening as shown in Figure 5.13, prior to self-extinguishment 

occurring.  This behaviour was also observed by Snegirev et al. [45].   

 

 
Figure 5.13 - Burst of flame from 200mm square opening, before self-extinguishment occurred 
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After having emitted a burst of flame, the fire retracted completely into the compartment.  It 

was therefore impossible to determine visually whether combustion continued. This was 

established from the experimental data recorded for temperature and species concentrations.  

When self-extinguishment was known to have occurred, the gas supply to the compartment 

was shut off.  There was a delay between the fire self-extinguishing and the instrumentation 

registering changes to indicate that extinguishment had occurred.  During this time, un-burnt 

fuel continued to be delivered to the compartment.   

 

In cases in which self-extinguishment occurred, the experiment was recommenced several 

times before sustained burning was achieved.  Before recommencing the experiment, the 

un-burnt gas in the compartment was blown out with fresh air.  The pre-heated conditions in 

the compartment appeared to aid in achieving sustained combustion.  In addition, the gas 

delivery rate was temporarily increased to encourage continued burning to occur.  Once it was 

evident that the fire had become stable, the gas supply was returned to its intended rate and 

the experiment continued. 

 

Self-extinguishment occurred in the experiments with 200 × 200mm, and 500 × 200mm 

openings.  This suggests that the openings which were 200mm in height were more 

susceptible to self-extinguishment.  The 300 × 200mm opening did not self-extinguish, 

however it should be noted that the temperature inside the compartment was approximately 

80°C at the commencement of the experiment as a result of previous burns conducted earlier 

on the same day.  The phenomenon of self-extinguishment is an area for further research, 

however was not investigated explicitly in this experimental programme.  The opening would 

largely impact upon self-extinguishment, with the size, shape, location and orientation of the 

opening each being contributing factors. 

 

5.2.3.2 Burning around  interior compartment walls 

In some experiments in which the gas delivery rate was initially set to achieve the ventilation 

limit heat release rate, the fuel appeared to be burning near the surface of the walls inside the 

compartment.  There was very little, if any, appearance of flames outside the opening until the 

heat release rate was increased.  Increasing the gas flow rate resulted in the emergence of 

disproportionately sized flames outside the opening. 
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The 500 × 200mm experiment was begun with the gas flow rate set at mfcQ& = VLQ& .  In the early 

stages of the experiment, burning occurred around the walls of the compartment, with no 

flames visible outside the opening.  After approximately 14 minutes of this behaviour, a 

wispy glow of hot combustion products was just visible outside the opening. This was 

difficult to see with the eye, and not recorded on video.  No flames were showing.  The mass 

flow rate of the gas was subsequently increased to 1.2 VLQ& .  After a few minutes in which the 

same behaviour continued, flames emerged from the opening and reached above the top of the 

compartment.  These flames were substantially higher than anticipated, as there was no 

obvious flaming outside of the opening at the ventilation limit.   

 

5.2.3.3 Internal / external  flaming 

Transitions between internal and external flaming were observed to occur in both directions 

throughout the experimental programme.  On one extreme, flaming occurred only inside the 

compartment.  At the other extreme of the transition, defined flames were observed.  

Transitions were noted both while the gas delivery rate remained constant, and also as the 

delivery rate was changed.   

 

In some experiments in which the initial heat release rate was set at or near the ventilation 

limit, it took some time for the flames to become established in a steady phase.  For example, 

during the experiment with 300 × 200mm opening, there was a period of more than half an 

hour over which the flames gradually retreated completely into the compartment.  After this 

retraction had occurred, only wispy glowing combustion products could be seen exiting the 

opening.  During this transition phase, a marked increase was observed in the temperature 

inside the compartment, as is discussed further in Chapter 5.6. 

 

In other cases, more rapid transitional behaviour was observed.  For example, experiment 

200 × 300mm (b) was begun with a gas flow rate of approximately mfcQ&  = 1.5 VLQ& .  For 

approximately the first 20 minutes of the experiment, no external flaming was observed from 

the compartment opening.  Then, over a period of approximately 150 seconds, external 

flaming was clearly evident, as shown in Figure 5.14. 
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Figure 5.14 - External flaming at ~1.5 VLQ&  in 200 × 300 (b) 

 

This corresponds to the time at which the measured heat release rate increased dramatically, 

as indicated in Figure 5.15, beginning at approximately 950s. 
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Figure 5.15 - Heat release rate in early stages of 200 × 300mm (b) experiment 

 

Typically at mfcQ&  = VLQ&  there was either wispy hot radiating combustion products observed 

outside the opening, or nothing.  Well defined flames were seen for ratios of mfcQ& / VLQ&  as low 

as 1.2; however it should be noted that the transition point at which external flaming occurred 

was not specifically the focus of this research.  The required gas supply rate to cause external 

flaming was not investigated in detail, and the mfcQ& / VLQ&  ratio for each experiment at which 
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external flaming would occur was not determined specifically.  It should also be noted that as 

transitions were observed in both directions between external and internal flaming, the history 

of the compartment fire appears to affect its behaviour. 

 

5.2.3.4 Flaming from entire opening area 

Throughout the experiments the flames and combustion products were generally observed to 

occupy the top half to two-thirds of the opening, as also observed in the experiments by 

Yokoi [2] and others.  At high gas delivery rates and consequently high heat release rates, 

flaming was observed over the entire face of the opening.  In these cases the flame front lay 

only slightly inside the opening.  This occurred for the experiments using the smaller opening 

sizes when the gas delivery rate to the compartment was comparatively high.   Typically, the 

flame face was observed to occur at the opening for theoretical heat release rates of 

approximately 3 VLQ&  or more.  In these cases the opening essentially acts as a vertical burner 

surface.  The position of the flames during this phase of burning is shown in Figure 5.16. 

 

 

Figure 5.16 - Flame face in 300 × 200mm opening, at mfcQ&  = 4 VLQ&   

 

The volumetric delivery rate of the gas and the buoyancy effects from the hot gases inside the 

compartment prevent fresh air from passing in through the opening.  Virtually no burning 

occurs within the compartment itself.  The temperatures within the compartment subsequently 

decreased steadily while the high gas delivery rate was maintained, and the thermocouples at 
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the front of the compartment recorded slightly higher temperatures than those at the rear.  

This is discussed in Chapter 5.6. 

In these portions of the experiments, the geometry of the burner inside the compartment 

clearly has no effect on the flame heights observed.  

 

5.2.3.5 Flame cleanliness / combustion efficiency 

The 300 × 500mm experiment was begun with the highest mass flow rate of gas as could be 

achieved without the gas bottles freezing.  This provided a ratio of mfcQ& / VLQ&  ≈ 1.9.  The gas 

delivery rate was near its upper bound and hence slightly unsteady, as illustrated in Figure 

5.17.  The mass flow rate of gas was decreased in steps throughout the experiment to achieve 

a range of ratios of mfcQ& / VLQ& .   
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Figure 5.17 - Measured heat release rate (300 × 500mm (b) opening) 

 

When the experiment was commenced the flames were large and were very clean, with 

virtually no smoke visible.  The edge of the flame was very clearly defined, corresponding to 

section (a) of the heat release rate graph shown Figure 5.17.  After approximately 10 minutes 

of clean burning, a transition occurred, after which the flame was engulfed in large quantities 

of smoke.  This corresponds to the section (b) in Figure 5.17, during which the measured heat 

a 
b 
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release rate dropped to approximately 75% of the heat release rate being delivered by the 

mass flow controller.  The edge of the flame was difficult to define accurately in the video 

analysis for the remainder of the experiment, due to the persistent hot radiating smoke.  The 

flames in sections (a) and (b) are illustrated in the corresponding images in Figure 5.18. 

 

Similar behaviour was observed at mfcQ&  = 1.5 VLQ&  in experiment 500 × 300mm (b).  This 

experiment was begun with a gas flow rate of mfcQ&  = 1.5 VLQ& , at which clean flaming occurred 

that had low luminosity but was easily visible to the eye.  Within five minutes of the burn 

beginning, a transition after which large quantities of smoke were produced.  The flame 

became unsteady and was difficult to clearly define due to the radiating smoke particles.  

During the previous experiment using the same opening geometry, only wispy combustion 

products were visible outside the opening at mfcQ&  = VLQ& .  External flaming occurred at  

mfcQ&  = 2 VLQ& . 

 

                
 (a) (b) 

Figure 5.18 - Smoky and clean flames observed for ~1.5 VLQ&  in experiment 500 × 300 (b)  

5.2.4 Errors 

There are several factors contributing towards errors in the results for flame heights.  It may 

be possible to reduce some of these errors by using variations on the experimental set-up and 

analysis procedures employed in this research.  However due to the nature of fire experiments 
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and the variability observed in the behaviour of fire, the benefit in reducing the errors may be 

outweighed by the costs (both time and financial) involved in doing so.  

 

5.2.4.1 Scaling from video images  

The image processing method used in this analysis is limited by the accuracy with which the 

scale of the images can be determined.  For each set of video images, the scale was 

determined using the location of the thermocouple rods on the thermocouple tree outside the 

opening.  However, the rods displayed some deflection due to their long cantilevers, even 

with support provided by a wire suspended approximately 2/3 along the length of the rods.  

Additionally, in some cases the rods were not perfectly straight initially.  These errors were 

minimised by setting the scale using the lowest and highest clearly visible rods rather than 

setting the scale using the distance between only two rods.  The thermocouple rods were 

placed in line with the centre of the opening, in the plane of the flame.  The flame was, on the 

whole, highest at the centreline of the opening.  Therefore there is no error expected from 

parallax.   

 

Due to the limitation in the mounting position, the camera was angled slightly above the 

horizontal.   In some experiments the camera angle was increased further, so as to capture the 

entire flame height in experiments with larger heat release rates.  Where this was altered part 

way through an experiment, the scale of the video images was re-calculated. 

 

5.2.4.2 Sensitivity to threshold colour intensity in ImageStream 

The compartment fires had burning efficiencies (actual heat release compared to theoretical 

heat release for the fuel delivery rate) ranging from approximately 70% to near 100%.  Those 

that were at the lower end of this range produced large quantities of smoke that partially 

obscured the flame, resulting in difficulty in visually defining the flame boundary.  The 

experiments with more efficient combustion, in which the heat release rate closely followed 

the theoretical heat release rate, were observed to produce very little smoke.  In these 

experiments the edge of the flame was sharply defined.   

 

The 500 × 500mm opening experiment was run at mfcQ& ≈ VLQ&  and hence was near a transition 

stage between internal combustion and external flaming.  In this experiment a bright radiant 
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glow was observed outside the opening, however it was very difficult to determine whether 

there was flaming combustion occurring within this region.  In these scenarios, a clearly 

defined reaction sheet of flame was not observed, and thus the video analyses required 

judgment to be made regarding the selection of a suitable intensity threshold.  

 

In the video images from an experiment in which there was minimal smoke generation to 

obscure the flame edge, the threshold value chosen for the ImageStream analysis had 

negligible effects on the contour plots of the flames.  For example, essentially the same results 

were achieved using thresholds of 180, 200 or 220.  The crisp images meant that the gradient 

of colour intensity at the edge of the flame was very steep.  Thus, in the clean-flamed data the 

errors in the flame heights due to the colour intensity threshold selected are small. 

 

In experiments in which there were large quantities of smoke, the threshold intensity chosen 

in ImageStream during the analysis had a greater impact on results, due to the more gradual 

change in colour intensity at the edge of the flame.  At the edge of the flame, hot smoke 

particles were also highly radiative and resulted in a less dramatic transition from very low to 

very high colour intensities.  Therefore the intensity selected for the analysis process had a 

greater impact on the flame height results in these experiments.  The mean flame height, 

which is used in the majority of the results presented herein, may be affected by this error.    

 

The variation in flame contours for Q* of 1.32 in the 200 × 500mm experiment are illustrated 

in Figure 5.19 for threshold intensities of 150, 180, 200 and 225.  The maximum variation 

between the non-dimensional flame heights obtained is approximately 9%. The 5% and 95% 

flame heights determined from the analyses, which are representative of the extremes of the 

flame probabilities, are affected more by the threshold selection.  Due to the nature of the 

images the sizes of the error in flame height results for smoky experiments are difficult to 

quantify further or reduce. 
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Figure 5.19 - Maximum error in flame height due to selection of threshold colour intensity (from 

200 × 500mm experiment at *Q&  = 1.32) 

 

The luminosity of the flames varied both within and between the experiments.  The 

experiments involving smaller openings produced flames with lower luminosity, with the 

least luminous flames being observed for lower fuel delivery rates.  In some experiments with 

smaller sized openings the flames were quite blue in colour and had very low radiance, hence 

they were not clearly captured by the video.  Turbulent mixing of fresh air with un-burnt fuel 

occurs within the compartment, such that the fuel is pre-mixed by the time it exits the 

opening, as described by McCaffrey [19].  When the pre-mixed combination of fuel and air 

combusts outside of the opening the resulting in the very clean blue flame.  This observation 

was also made by Delichatsios et al. [61] in experiments involving enclosure fires.  A blue 

flame was particularly notable in the 200mm square experiment, however was also observed 

to a lesser extent with other opening configurations with smaller dimensions.  An increase in 

gas supply from mfcQ&  = VLQ&  to mfcQ&  = 2 VLQ&  resulted in a change to luminous orange flames.  

During the 200 × 300mm (b) and 300 × 200mm experiments, at low heat release rate the 

flame luminosity was also low and the flame consequently was not visible on the video 

recording.  

 

5.2.4.3 Flame contours: centreline vs. highest point on contour 

The centreline of the flame projection was drawn by eye through the contour lines created by 

ImageStream.  Different judgment could have resulted in slight variances in the coordinates of 

the points at which the centreline crossed the contour lines.  The contour lines were not 

Threshold = 150 Threshold = 180 Threshold = 200 Threshold = 225 

Maximum error in Z50/l1 = 9%
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perfectly smooth and thus there was an additional error associated with the exact point at 

which the contour was assumed to cross.  These errors are minimal. 

 

The 50% flame centreline height is subtly different to the maximum height of the 50% 

contour line.   When the flame has a predominantly vertical orientation, the centreline follows 

the highest point on each contour.  The video analysis indicated that this was the case.  This 

difference is therefore negligible given the errors otherwise associated with the flame heights.   

 

5.2.4.4 Interaction of flames with hood 

In experiments with small opening sizes, a high ratio of mfcQ& / VLQ&  was obtained.  

Consequently, very tall flames projected from the opening.  At times, the flame tips reached 

the horizontal mesh inside the hood collecting the exhaust gases.  This affected the flame 

contour plots, which appear slightly flattened.  This affects the extreme value data for the 

flame heights (for example, the 5% contour); however the mean flame heights are not 

believed to have been affected by the interaction with the hood. 

 

The flow of exhaust gases throughout the experiments ranged between approximately 2.5m3/s 

and 4.5m3/s based on the mass flow rate determined in the duct and the density of the gases 

for the range of temperatures observed.  As described in Section 3.5.3, the velocity of the air 

flow into the hood was approximately 0.5m/s.  The extract rate was therefore deemed to have 

little or no effect on the height of the flames due to the low flow rate in comparison to the 

naturally buoyant properties of the flames.   

 

5.2.4.5 Flame extension 

Using the results of free burn flame heights presented by Zukoski [24],  an estimation may be 

made regarding whether the natural flame length may have caused flame extension outside of 

the opening.  The largest fire investigated experimentally is 300kW fire.  For a 300kW fire on 

a 0.3m square burner, assuming an equivalent burner diameter of 0.339m and ambient air at 

300K, Q*D = 4.0 using the notation of Zukoski [24].  From Zukoski’s graph of results, 

presented in Figure 2.2 in Chapter 2.3, the 50% intermittency flame height occurs when 

Z/D ≈ 9.  Therefore the flames from a 0.3m square burner generating 300kW in open air 

would be up to 3m high.   
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The distance the flame may be expected to travel between the burner and the opening of the 

compartment is approximated by the sum of the height and length of the compartment (0.8m 

+ 1.5m = 2.3m), as in Figure 5.20.  The flame length inside the compartment is less than the 

expected open air flame height, such that it is expected that there may be natural flame 

extension to the outside even in a well-ventilated situation.  The reduced entrainment to the 

fire plume inside the compartment compared with a free-burn situation also contributes 

towards a longer expected flame length. 

 

 

 

 

 

 

 

 

 
Figure 5.20 - Flame length inside compartment 

 

A better evaluation may be made by approximating the length of flame extension for an 

unrestricted plume located under a ceiling.  In this situation, the horizontal extension of the 

flame beyond the centreline of the plume, hr, is determined from the ratio hr/hc [34], where hc 

is the flame height for an open fire with no ceiling above less the clear height to the ceiling.  

For an unrestricted plume below an unbounded ceiling, Babrauskas presents this ratio to be 

1.5 [34].  The expected flame extension beneath the ceiling for this case is therefore: 

 

 hr = (3 – 0.8) × 1.5 

 hr = 3.3m 

 

This predicted extension would tend to be less than that for the experimental case investigated 

for two reasons.  Firstly, the under-ventilated conditions typically observed tend to result in 

longer flame lengths, as the hot combustion gases travel a longer distance before entraining 

sufficient oxygen for all the fuel to combust.  Secondly, the plume in the experimental 

programme was not completely unrestricted, nor the ceiling unbounded.  For a fire located 

0.8m 

1.5m 

Burner 
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within a corridor, the plume is more directional, with a greater quantity of fuel spreading in 

the same direction.  Again, the flame is lengthened due to the increased distance of travel in 

the plume before sufficient oxygen is entrained to burn all the available fuel.   

 

The external flaming observed in the experiment involving a 500 × 500mm opening for 

mfcQ&  < VLQ&  may have been influenced to some extent by the natural flame length being greater 

than the length described in Figure 5.20. 

 

5.2.4.6 Soot accumulation on openings 

A noticeable build-up of soot occurred during some experiments, as shown in Figure 5.21.  

Note that in the experiment shown, combustion efficiency was significantly less than 1, with 

ODCQ&  ≈  0.7 mfcQ& .  This was typical during the experiments in which a noticeable build-up of 

soot occurred.  In these experiments a large quantity of smoke was observed in the gases 

expelled from the compartment, resulting in flames with a dirty or smoky appearance.  This is 

indicative of the inefficient conversion of chemical energy in the fuel.   

 

           
(a) (b) 

Figure 5.21 - (a) Large smoky flame , (b) ~20mm soot build-up on 200 × 500mm opening at end of 

experiment 

Soot accumulation 
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At the end of the 300 × 300mm (b) experiment there also noted to be a build-up of soot, 

approximately 20mm thick on the upper surfaces of the opening.  This reduced opening size 

also reduced the ventilation limit for the experiment from 73.9kW to approximately 66.7kW, 

a reduction of nearly 10%.  This was noted to be one of the cleaner-flamed experiments, yet 

the accumulation of soot was more noticeable in this experiment than in several others that 

had very sooty flames.  The experimental results, presented in detail in Appendix C, show that 

there was a substantial period of time during which the measured heat release rate was 

significantly less than the theoretical heat release rate, mfcQ& .  

 

The reduction in the ventilation limit, VLQ& , for the experiments in which substantial soot 

accumulation occurred could not be monitored throughout the experiments.  Therefore an 

error is induced in the calculation of the non-dimensional parameter *Q& , which is based on 

the difference between the theoretical maximum heat release rate for the gas delivery rate, 

mfcQ& , and the ventilation limit. 

 

5.3 Flame centreline temperature profile and flame heights 

The thermocouples on the external adjustable tree outside the compartment measured the 

temperature of the hot gases leaving the compartment opening.  Considerable scatter is seen 

in the experimental results illustrated in Figure 5.22 for 450, 500 and 550°C temperature 

heights respectively.  The thermocouple locations were adjusted by eye to the perceived 

centreline of the flame.  Thus there is uncertainty as to whether the locations at which the 

temperatures were in fact recorded correspond to the location of the flame centreline shown in 

the ImageStream contour plot analyses.     

 

In the event that the thermocouples in the experiments were not accurately located at the 

flame centreline, the recorded temperatures would be less than would actually occur at that 

particular height.  Therefore where the thermocouples were misaligned with the centreline, 

the results presented would underestimate the actual flame height at a given heat release rate.  

The lower flame height data points in for any given *Q&  in Figure 5.22 are therefore deemed 

least accurate, and the upper ones more so.  Typically in previous research, the temperature 

criterion selected for flame height has varied between 500°C and 550°C.  Figure 5.22 

illustrates that temperatures in this range give a reasonable representation of flame height.  
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Figure 5.22 - Centreline flame temperature as an indicator of flame height 
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The trendline shown in each graph of Figure 5.22 is the relationship presented originally by 

Delichatsios et al. [36], as adapted in Chapter 5.2.1 to adjust for the absence of an extended 

façade in the present work.   

 

5.4 Flame horizontal projection 

The horizontal projection of the flames has been assessed from the front surface of the 

compartment using the flame contour plots.  The non-dimensional heat release rate, *Q& , is 

used to collate the results.  The centreline projection (P%,centreline) and maximum projection 

(P%,max) for the contours are defined in Figure 5.23.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.23 - Maximum projection of flame contours 

 

Little correlation was observed experimentally between *Q&  and the horizontal projection of 

the flame centreline.  However, the maximum projection of the contours shows dependence 

on *Q& .   As the flames trajectory is generally vertical, with the flames attached to the 

compartment wall above the opening, the maximum horizontal projection of each contour 

from the compartment opening is representative of the flame thickness. 
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Figure 5.24 illustrates the relationship between the maximum projection of the 50% 

probability contours and the non-dimensional heat release.  The non-dimensionalised 

projection utilises the length scale 1l  as described in Chapter 4.5. 
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Figure 5.24 - Flame horizontal projection for 50% probability contours 

 

The results collapse further when non-dimensionalised using the height of the opening, h, 

rather than the length parameter 1l  used for non-dimensionalising the heat release rate.  The 

projection is presented in this format in Figure 5.25.  
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The flame projection tends to increase as the non-dimensional heat release rate increases; 

although Figure 5.24 and Figure 5.25 illustrate that there is some variation from this trend 

within the results of each experiment.   

 

The maximum horizontal projection of the 50% contour lines observed in the experiments is 

compared to predicted projections using Equation 29, from Law and O’Brien [11] presented 

in Chapter 2.5.  The equation is reproduced below, with a graphical comparison made in 

Figure 5.26.  The projection is normalised using the height of the opening. 
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It is unclear whether the height of the flame, z, used in Equation 29 is the 50% flame height or 

otherwise.  It is, however, the height measured above the top of the opening.  Law and 

O’Brien [11] also present an equation to determine the value of z, however this uses the 

burning rate of an unspecified type of fuel, R (kgs-1). This cannot be generally related to the 

current work. Thus to allow comparison between the experimental horizontal projection and 

the prediction by Law and O’Brien [11], the 50% flame height Z50 obtained during each 

experiment is used here to enable a comparison with the projection of the 50% flame contour.  

Figure 5.26 compares the 50% projection observed experimentally with the predictions using 

Equation 29, with the 50% flame height used in place of z.   
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The predicted projection shows much better correlation with the maximum horizontal 

projection of the 5% flame contour line, shown in Figure 5.27. 
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Figure 5.27 - Maximum projection of 5% flame contour 

 

The prediction is based on the assumption that the flame is solid, and gives the supposed 

thickness of the flame.  The criterion used to establish the thickness in the development of 

Equation 29 is not known. 

 

In the 200 × 500mm opening experiment, the trajectory of the hot combustion products 

exiting the opening differed at high and low ratios of mfcQ& / VLQ& .  The flame centreline exhibited 

significant horizontal projection for low mfcQ& / VLQ& , however as the ratio was increased the 

flame centreline tended vertically almost immediately after exiting the compartment opening, 

as shown in Figure 5.28.  The locations of the thermocouples on the tree outside the opening 

were originally adjusted to follow the centreline of the wispy flames exiting the opening, at 

1 VLQ& .  However, once the gas flow rate had been increased to 3 VLQ& , the flame trajectory had 

altered so that the thermocouples no longer followed the flame centreline.  The buoyancy of 

the hot gases exiting the opening pulled the flame centreline vertically upwards, and the flame 

attached to the façade above the opening.  This development in flame trajectory over the 

duration of an experiment was pronounced only in this experiment.   
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In scenarios where an opening is very wide, the flames are considered to be from a line 

source.  However in this experimental programme even the experiment with the largest 

opening aspect ratio (500 × 200mm) exhibited point rather than line source behaviour.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 
 

Figure 5.28 - Flame centreline for 200 × 500mm opening: (a) at mfcQ&  =  VLQ& , (b) at mfcQ&  =  3 VLQ& ,   

(c) plotted for 5% to 95% contours over the range of mfcQ& / VLQ& used in the experiments. 

 

 

5.5 Heat flux 

The recorded data for heat flux levels in front of the compartment (0.5m and 1.0m from the 

face of the opening) is somewhat unreliable, with little to be concluded from the available 

results.  The measured values indicate that the heat flux gauges used were not functioning 

correctly.  Data collected from the heat flux gauge located above the top of the compartment 

has also been deemed unreliable.  The UDL (Universal Data Logger) system did not retain the 

correct settings when recording the raw data in voltage format.   Corrective measures that 

could be applied to adjust for this error were not established.  No certainty could be provided 

as to the legitimacy of the results and hence they cannot be presented here with confidence.      
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Due to the technical difficulties associated with all three of the heat flux gauge measurements, 

no conclusions can be drawn from the recorded results.  This is an area in which further 

experimentation is encouraged.   

 

5.6 Compartment temperature 

The temperature inside the compartment was recorded for the duration of each experiment in 

two locations; in the right rear corner, and in the left front corner.  Spatial variation of the 

temperature inside the compartment, and variation with the heat release rate of the fire were 

both observed during the experimental programme.  The compartment temperatures recorded 

on the thermocouple trees in the compartment throughout the 200 × 300mm (b) experiment 

are shown as an example in Figure 5.29, using the average of each of the ten rear and ten front 

thermocouple temperatures.  The mass flow rate of fuel delivered to the compartment was 

increased in steps over the duration of this experiment.  The results for all the experiments are 

included in Appendix C.  The compartment temperature graphs are best viewed in 

conjunction with the heat release rate graphs for the particular experiment. 
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Figure 5.29 - Average temperature for rear and front thermocouple trees, 200 × 300mm (b) experiment 

 

5.6.1 Spatial variation 

Immediately after ignition, the temperature in the compartment rose rapidly.  Higher 

temperatures were observed at the rear of the compartment as indicated in Figure 5.29, nearer 

Rapid rise after ignition 

External flaming 
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where the burner, and hence flame front, was situated.  As the fire developed, the 

temperatures in the front corner of the compartment also increased.  As the flame front moved 

towards the front of the compartment, the temperature here increased to a similar level to the 

rear compartment temperature. This temperature increase at the front of the compartment 

typically was as a precursor to the occurrence of external flaming. 

 

At the time when flames began to emerge from the opening, the temperature behaviour inside 

the compartment changed.  Generally, the rate at which the compartment temperature 

increased reduced, due to a lesser level of combustion occurring within the compartment.  The 

compartment temperature subsequently continued to rise, for example as in Figure 5.29, 

however only at a very slow rate.  In some experiments the temperature decreased, as in 

Figure 5.30.  Whether the temperature continued to rise or decreased depended on the 

temperature the compartment had reached prior to external flaming.  Snegirev et al. [45] also 

report that once flames project from the opening, the burning rate inside the compartment 

continuously decreases.  
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Figure 5.30 - Compartment temperature decrease after external flames emerged at approximately 1200s, 

with increasing mfcQ&  (300 × 200mm opening) 

  

Once the fire had developed, turbulent mixing within the compartment resulted in minimal 

difference between the temperatures recorded at the front and rear of the compartment.  The 

high degree of turbulence in the experiments was also reflected in the relative uniformity of 
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the vertical temperature distribution.  The thermocouple tree measurements from the rear and 

front of the compartment both illustrated that the temperature distribution varied minimally 

over its height.  Typical instantaneous profiles from the two thermocouple trees are shown in 

Figure 5.31. 
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Figure 5.31 - Temperature profiles in compartment (rear and front thermocouple trees), as observed in 

experiment 300 × 500mm (a) after 2400s 

 

The temperature at the rear of the compartment was slightly lower than at the front at high 

heat release rates.  This observation was prominent during the 200 × 500mm experiment.  As 

mfcQ&  was increased above 2.5 VLQ& , the temperature in the rear of the compartment dropped 

well below that at the front; approximately 800°C in comparison to approximately 1000°C.  

The temperature difference in the majority of experiments was approximately 50°C or less.  

As the mass flow rate of the gas was increased, the fuel increasingly burnt outside of the 

compartment.  When mfcQ&  was approximately 2.5 VLQ&  or more, the flame front filled the 

opening, as described in Chapter 5.2.3.4, and there was virtually no combustion inside the 

compartment.  In this situation, the front thermocouples were close to the region of 

combustion and the flame however the rear ones were relatively distant.  This resulted in the 

higher temperatures at the front of the compartment.  
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5.6.2 Variation with heat release rate 

For some experiments in which the fuel delivery rate was initially set at or near the ventilation 

limit, unsteady external flaming first occurred before the flames retracted back inside the 

compartment.  After the flames retracted entirely, the compartment temperatures increased 

noticeably, due to the increased level of combustion inside.   

 

Figure 5.32 indicates that higher compartment temperatures tended to occur as mfcQ&  

approached the ventilation limit, VLQ& , with the highest average compartment temperature 

reaching approximately 1400°C.  This temperature is near the upper limit of the operating 

range for which Type K thermocouples used.  The higher temperatures were generally 

observed in the experiments with larger opening areas, in which a larger flow of air is enabled 

into the compartment.  Therefore a greater level of combustion may occur within the 

compartment, thus generating higher possible temperatures. 
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Figure 5.32 - Effect of fuel supply on compartment temperature 
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The temperature inside the compartment did not reach a steady state in all experiments before 

the gas flow rate was changed.  In order for the temperature to stabilise, much greater and 

impractical run times are required.  For example, the temperature in some experiments 

continued to change even after an hour at a constant gas delivery rate.   

 

The history of the experiment is deemed to influence its behaviour.  The maximum 

temperatures attained at each fuel delivery rate were not necessarily the temperatures that 

would be achieved if that delivery rate were maintained indefinitely.  That is, the maximum 

temperature recorded in the compartment at any given mfcQ&  may have been a consequence of 

the previous mfcQ& . For example, in the 300 × 200mm opening experiment, the temperature in 

the compartment initially rose above 600°C when the experiment was commenced with 

mfcQ&  ≈ VLQ& .  However as the experiment was continued and the heat release rate increased to 

approximately 4 VLQ& , the average compartment temperature decreased continuously, to as low 

as 300°C.   

 

As discussed previously in Chapter 5.2.3.4, as mfcQ&  is increased above approximately 2.5 VLQ&  

the flame front was observed to lie just inside the compartment opening.  With virtually no 

combustion occurring inside the compartment, the temperatures tended to decrease. 

 

With such transient temperatures recorded, a systematic analysis of the compartment 

temperatures for varying opening geometries and heat release rates is not possible with the 

experimental results from this research. 

 

5.7 Smoke production 

There was a great deal of variation in the quantity of visible smoke between the different 

experiments.  Examples of the experiments typically judged as “smoky” and “clean” are 

shown in Figure 5.33. 

 

Unexpectedly, an apparent increase in smoke production was observed at higher compartment 

temperatures.  It is usual for combustion efficiency to increase with temperature, such that 

less smoke production would be expected at higher compartment temperatures.   
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Figure 5.33 - Flame conditions: Left -  smoky, and Right - clean 
 

Several of the data points in  have been obtained from periods in which stable behaviour had 

not established.  Consequently the points presented in  regarding combustion efficiency and 

temperatures do not all represent steady state conditions.  Instead, they show combustion 

efficiency when reactions take place at a certain temperature.   
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Figure 5.34 - Combustion efficiency variance with average compartment temperature 
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Figure 5.34 illustrates a tendency for smokiness at high compartment temperatures.  It should 

be noted that the data points termed “Wispy” were observed at low ratios of mfcQ& / VLQ& .  In 

these cases only glowing hot combustion products, rather than flames, could be seen outside 

the opening; thus the “Wispy” condition would best be grouped with the “Smoky” condition. 

 

The combination of Figure 5.32 and Figure 5.34 illustrates that nearer the ventilation limit, 

higher temperatures were experienced within the compartment, and there appeared to be a 

greater quantity of smoke exiting the compartment.  The smoke showed a greater obscuring 

influence on the appearance of the flames.   The flame height results for these cases were 

therefore more difficult to analyse systematically, and consequently have a greater degree of 

error than those for clean flames.  The results shown in  indicate that the temperature of the 

compartment and the efficiency of burning are related, as the amount of smoke generated 

during an experiment can be indicative of the completeness of combustion. 

 

5.8 Repeatability 

Experiments with identical set-ups and inputs do not yield identical instantaneous results, due 

to the complicated array of chemical processes and turbulent conditions that occur in a fire.  

However, the experiments that were repeated showed very similar overall behaviour in each 

experiment.   

 

A repeat of the experiment using a 300 ×300mm opening was conducted.  The mass flow 

controller was set at the same levels as in the first experiment.  During the first experiment, a 

small problem occurred with the gas delivery resulting in a period of approximately 10 

minutes over which the gas delivery declined during an otherwise constant delivery rate.  The 

gas supply was changed during this period of the experiment to remedy the problem, after 

which time the gas delivery returned to the previously set level.  This problem was not 

experienced during the repeat experiment.   

 

A comparison of the heat release rate and average compartment temperature from the two 

experiments is shown in Figure 5.35.  Note that in experiment (a) the compartment was pre-

heated due to previous ignition.  This condition was reconstructed in experiment (b) by 

burning some gas inside the compartment to raise the temperature, shutting it off to extinguish 

the fire, and then conducting the experiment proper.   
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 (a)  (b) 

Although the time frames for the two experiments differ slightly, the results show similar 

behaviour.  The experiments were commenced with mfcQ&  = VLQ&  = 74kW.  The measured heat 

release rate ODCQ&  was initially near to the theoretical heat release rate mfcQ& , before gradually 

decreasing over time.   
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Figure 5.35 - Comparison of experiments for opening with dimensions 300 × 300mm (a), and 

300 × 300mm (b)  

 

In both experiments, the temperature is seen to increase more rapidly after reaching 

approximately 800°C.  This corresponds to the time at which the measured heat release rates 

decreased to approximately 60kW.  After this time, a more notable decrease in heat release 

rate is seen in the second of the experiments, to 50kW.  The heat release rate in the first of the 

experiments also appears to be approaching this level. mfcQ& / VLQ&  

 

Upon increasing the gas flow rate to mfcQ&  = 2 VLQ& , the compartment temperatures began to 

gradually decrease.  The measured heat release rates slowly increased to approach the new 
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mfcQ& , however in both cases approximately 40 minutes passed before this began to stabilise.  

In both cases, the temperatures in the compartment exhibited a more dramatic decrease at 

approximately 4800s, when the heat release rates passed approximately 100 – 110kW. 

 

The flame heights observed during the experiments were also similar.  The non-dimensional 

heat release rate used in the presentation of results uses the theoretical heat release rate, mfcQ& , 

rather than the actual measured heat release rate.  Therefore within the results graphs, the 

variation that occurs in the flame heights at the same *Q&  may be due in part to the variation in 

actual heat release rate at the time the images were collected.  It should be noted that in the 

graph for non-dimensional flame height presented in Figure 5.10 in Chapter 5.2.2, points are 

included for the second of the experiments that illustrate the variation in flame heights that 

was observed while the gas supply remained constant.     

 

Considering the above discussions regarding heat release rate, compartment temperature and 

flame heights, repeatability of experiments conducted with the same conditions and inputs is 

thus demonstrated.  Further confirmation of the results may be obtained by performing further 

experiments that replicate those of the experiments conducted here.  This was not possible 

given the experimental programme for the present work.   

 

5.9 Performance of equipment 

5.9.1 The compartment 

A small amount of leakage from the compartment was indicated by the presence of a flame at 

the top of the compartment during some of the experiments.  This was on an insignificant 

scale in comparison to the quantity of gas exiting out of the opening of the compartment to 

influence the results.   

 

In one experiment, the Kaowool boarded inserted above the opening to create a flat façade fell 

forward several times.  It was pushed back into place, and the experiment continued without 

being adversely affected.  Flame height data was not analysed for the times during which the 

façade was out of place.  
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5.9.2 Fuel supply  

In long duration experiments with high gas flows, the high demand placed on the gas supply 

meant that the bottles were prone to freezing.   The gas delivery rate became restricted when 

this occurred.  There was a period of several minutes during which the behaviour of the fire 

was affected while the problem was remedied, after which the experiments continued 

unaffected.   

 

The square burner used initially in the compartment distorted severely during preliminary 

experiments, due to high temperature exposure.  It was replaced by a circular burner with the 

same cross-sectional area.  This burner also distorted; however this did not compromise the 

rate of gas delivery to the compartment.  The burner geometry was not deemed critical for 

these investigations. 

 

 



 

 107

Chapter 6 

FDS Modelling 

 

Computer simulations are frequently used in fire engineering to justify designs for buildings 

and structures that deviate from those covered by compliance documents.  In some situations, 

the ability of these computer models to predict the true behaviour of a fire is unknown, and 

thus justification for the design may be somewhat questionable.  In order to satisfactorily 

apply the use of computer models in design situations, it is therefore necessary to illustrate 

validity of the simulation results, by comparison with experimental results.  The ability of the 

computational fluid dynamics (CFD) program Fire Dynamics Simulator, Version 4 (FDS) to 

model the flame heights in compartment fires is investigated herein, with models set up to 

mimic the laboratory configuration and experimental conditions as closely as possible.   

 

The “RESTART” and “DTCORE” functions were used in the models, to allow flexibility of 

running the simulations.  These were precautionary methods employed to prevent loss of large 

quantities of simulation results and computational time in the event of unexpected 

interruptions to the simulations.  

 

6.1 Model input 

The input file for each simulation was generated from a single template, with differences only 

in the opening size and the burner specified heat release rate specified.  The vertical 

coordinates of the two heat flux gauges located opposite the opening were changed as 

appropriate to match their locations during the experiments, as described in Chapter 3.5.2. 

The input files are included in Appendix E. 

 

Ambient and outside temperatures of 20°C were used.  Note that in some experiments in the 

laboratory, the compartment was significantly warmer than this at the commencement of the 

experiment.  This was due to difficulties with sustaining burning after ignition, and therefore 

the need to restart some experiments.  This was not accounted for in the FDS modelling 

scenarios. 
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6.1.1 The fuel 

Propane (C3H8) was the fuel specified in the input file for each model.  The complete 

combustion reaction for propane is: 

 

 C3H8 + 5O2  3CO2 + 4H2O (69) 

 

Thus the stoichiometric coefficients for oxygen, carbon dioxide and water are 5, 3 and 4 

respectively.  The molecular weight of the fuel is 44gmol-1, and the default program soot yield 

of 0.01 was used.  The lines specifying the reaction in the input files follow. 

 
&REAC ID='PROPANE' 

      FYI='Propane, C_3 H_8' 

      MW_FUEL=44 

      NU_O2=5. 

      NU_CO2=3. 

      NU_H2O=4. 

      SOOT_YIELD=0.01 /    

 

A circular burner was used in the laboratory experiments; however a 300mm square burner 

with the same surface area (0.09m2) was used in the FDS model.  The burner in the model 

was at the rear of the compartment located 50 mm from the rear wall, with surface 200mm 

above the floor.  The difference in burner geometry from that in the experiments was deemed 

to have negligible effect on the simulation results.  

 

The top face of the burner was designated as a “burner” surface ID, with the remaining 

surfaces of the object inert.  The heat release rate per unit area (HRRPUA) of the burner 

surface was altered in each model to replicate the experiments, using a “RAMP” function.  In 

this manner the step functions for the heat release rates from the mass flow controller in the 

experiments could be reproduced.  No other fuels or combustible materials were specified. 

 

6.1.2 Computational domain 

The computational domain was sufficiently large to include all areas in which reactions were 

expected to take place.  This encompassed the compartment, and sufficient height above the 
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top to include the areas to which external flames projected from the opening in the 

compartment.  The overall dimensions of the domain were 1.2 × 2.8 × 3.0m.   

 

Multiple meshes would assisted in reducing the computational domain, by excluding the open 

area immediately above the compartment roof; however the boundary between multiple 

meshes would have crossed through an area of expected fire.  It is recommended that mesh 

boundaries are not located in such areas [62].  Thus this method of reducing the size of the 

computational domain was not used.  

 

The laboratory walls were all more than 2m from the compartment, and the compartment was 

elevated so that the base was approximately 1m above the floor. Therefore all surfaces of the 

computational domain were specified as “open” boundaries. 

 

6.1.3 Grid resolution 

A 50mm grid was used for the modelling, with a total of 80,640 cells.  A finer grid could not 

be used due to the extensive simulation run times required.  The 50mm grid simulations 

typically ran for more than two weeks, and in the cases of longer duration models for more 

than three.  Further refinement of the grid was therefore unreasonable.   

 

If the grid is too coarse, the resolution is too low to properly model the fire.  In that case, the 

heat release rate and flame heights will be underestimated.  FDS has a built-in function which 

automatically makes an adjustment to the stoichiometric value of the mixture fraction, to 

correct for insufficient grid resolution.  This correction depends on the ratio of the 

characteristic dimension of the fire, D* (see Equation 70), to the grid cell size, δx.  Further 

information is presented in the FDS User’s Guide [62]. In this modelling, D* /δx ranged 

between 4.6 and 11.8. 
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6.1.4 The compartment 

The dimensions of the FDS model compartment replicated those of the experimental 

compartment as accurately as permitted by the grid resolution.  Slight distortions in the lining 
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of the experimental compartment that occurred during the experiments were disregarded in 

the modelling process.  Such discrepancies between model and experiment were deemed 

negligible. 

 

The surfaces in the FDS simulations modelled the Kaowool lining of the experimental 

compartment.  The properties of the Kaowool board used are presented in Table 6.1 (see 

Appendix B [63]).  The specific heat was not provided with density and thermal conductivity 

data, but was determined from bulk fibre Kaowool properties [64]. 

 
Table 6.1 - Kaowool properties 

Property Kaowool board 1260 

Density, ρ 250kgm-3 

Specific heat, cp, at 982°C  1089J/kg.K 

Thermal conductivity, k :                  at 400°C 0.090W/m.K 

 600°C 0.150 W/m.K 

 800°C 0.155 W/m.K 

 1000°C 0.195 W/m.K 

 1200°C - 

 

6.1.5 Computational techniques 

A Large Eddy Simulation (LES) model was used.  This employs direct computation of the 

large scale eddy flows, and models the sub-grid dissipative processes [62].  In an LES 

calculation, FDS uses a mixture fraction combustion model to determine where combustion 

occurs.  It is assumed that oxygen and fuel will react instantaneously when mixed, and 

therefore cannot coexist.  The mixture fraction defining the location of a flame surface, where 

the reaction between fuel and oxygen occurs, is therefore given by [62]: 

 

 ∞

∞
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YZ  (71) 

 
∞

OY  is the ambient value of the oxygen mass fraction (approximately 0.23), I
FY  the fraction of 

fuel in the fuel stream, and s the stoichiometric oxygen/fuel ratio.  The stoichiometric 

fuel/oxygen ratio for propane is 0.276 [14] and thus s is 3.62.  The mixture fraction for 

approximating the flames for a pure propane fuel stream is therefore 
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The location of the flame in the simulations was determined from a specified mixture fraction 

value of 0.06 detailed in an isosurface (ISOF) line.  The extent of the smoke was indicated by 

a mixture fraction of 0.001 [62].  For comparison purposes, isosurfaces were also produced to 

outline where the temperature of the hot gases was 450, 500 and 550°C.   

 

The combustion model in FDS is based on the assumption that fuel and oxygen cannot 

coexist, and will immediately react.  The flame sheet is thus found at the location where the 

fuel and oxygen both disappear.  However the resolution of the simulation has an affect on the 

accuracy of the flame height.  Increasing the grid resolution has been found in other work to 

result in a flame length that is closer to the ideal flame height [25]. 

 

6.1.6 Output specified 

Aside from the standard output generated by FDS, the following quantities were specified to 

be recorded in output files: 

 

a) A vertically aligned grid of thermocouples was specified at 0.1m intervals outside 

the compartment at the centreline of the opening.   

b) Three heat flux gauges were positioned at the locations used in the experiments; 

one on top of the compartment above the opening, and one each at 0.5m and 1.0m 

in front of the opening. 

c) Vertical slice files of the temperature, oxygen, carbon dioxide, carbon monoxide 

and fuel were recorded through the centre of the opening.  A cross-sectional 

vertical slice of these quantities was also taken at mid-length of the compartment.  

d) The total mass flow out of the opening and the heat release rate within the 

compartment were recorded in .csv files, as were the total heat released and all 

thermocouple measurements.   

e) Point measurements of the O2, CO2 and CO were recorded at the top corner of the 

opening, 50mm from each edge and 50mm inside the compartment as an 

indication of the mix of gases leaving the compartment. 



 

 

Chapter 6 – FDS Modelling 

112 

The frequency of the isosurface images for the mixture fraction describing the flame was 

specified in the FDS input file, using DTSAM=0.04 in the &ISOF line defining the mixture 

fraction quantity for the flames. 

 

6.2 Analysis 

The output from the FDS simulations is stored directly into .csv files in the standard units for 

each quantity.  Visual data such as slice files and mixture fraction isosurfaces can be retrieved 

in the accompanying visualisation program to FDS, Smokeview [65].  Smokeview is currently 

in Version 4.0.8.  A previous version (Version 4.0.7) was initially used in the analysis.  After 

having difficulties, an adjusted version received from the programmer was used in this 

research [66]. 

 

6.2.1 Flame height 

The method for analysing experimental images, detailed in Chapter 4, can also be applied to 

the analysis of FDS flame heights with minimal variation.  The principal difference is in the 

acquisition of the images.  Simulation results can be displayed visually in Smokeview, with 

the flame defined by a mixture fraction model. The frequency of the flame images (that is, 

isosurface images for the appropriate mixture fraction) rendered in Smokeview is specified in 

the input file.  In this case a frequency of 25 fps was appropriate, being the frame rate 

captured by the video camera during the laboratory experiments.   

 

The individual frames generated were saved in .png format.  This was the most suitable 

format, as a result of the small file size and ImageStream’s ability to process this type of 

image directly. 

 

Due to the long simulation times in FDS and limited computer memory, it is necessary to 

select only small time periods of isosurfaces to be displayed in Smokeview.  The time interval 

is specified in the casename.ini configuration file for Smokeview for the specific 

simulation case, located in the same folder as the simulation results and named to match the 

casename in the FDS input file, identified in the line &HEAD CHID=’casename’. 
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Within the casename.ini file, the following lines specify the period over which isosurfaces 

are loaded and displayed in Smokeview: 

 
T_ISO 

1 20.0 1 150.0 

 

The first value indicates whether the start time is set (1) or not (0), and if set the second value 

indicates the start time.  Similarly the third value is 1 or 0, and indicates whether or not the 

fourth value is used as the finish time for loading and viewing isosurfaces.  For the example 

above [67] the isosurfaces would be displayed between 20 and 150s.  The version of 

Smokeview originally used had an error which meant that the isosurfaces for a specified 

period of time could not be viewed.  An updated version provided by Forney [66] was used, 

in which this problem was resolved.   

 

It was not necessary to apply a threshold intensity filter to the Smokeview images, as the 

colours specified for objects in the FDS input files had no red content, and there is no 

interference from background colours.  Before rendering the images, the background colour in 

Smokeview was selected to be black.   

 

The scale of the image sequences rendered from Smokeview is easily obtained using the 

specified geometry in the input file and the relative positions of known points in the images.  

An isometric view of the side of the compartment can be used to obtain images.  This reduces 

the errors associated with parallax which were associated with the analysis of the 

experimental videos.  A typical view image from Smokeview is shown in Figure 6.1, in which 

the compartment is shown in blue and the flames in red.  The yellow objects indicate the 

location of the heat flux gauges, and the vertical white line marks one edge of the 

computational domain. 
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Figure 6.1 - Typical image rendered from Smokeview 

 

6.2.2 Other quantities of interest 

The heat release rates, species concentrations and temperature results are produced by FDS in 

their respective recognised units and require no further manipulation. 

 

6.3 Results and discussion 

The results of the FDS simulations are included in Appendix F.  The models exhibit varying 

degrees of comparability with the results obtained experimentally, in some cases bearing no 

resemblance and yielding physically impossible heat release rate results, such as illustrated in 

Figure 6.2 for the 200mm × 200mm opening.  Comparison of the FDS modelling results for 

flame heights with those obtained experimentally is rendered inappropriate due to the limited 

ability of the modelling to exhibit the same behaviour as was observed in the laboratory.  No 

specific analysis of the flame heights determined by FDS has therefore been undertaken. 
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Figure 6.2 – FDS heat release rate output for 200mm × 200mm opening.  Note Qmfc is the input heat relase 

rate based on the burner area and HRRPUA (heat release rate per unit area). 

 

The limited success of the models may be in part due to the grid resolution, which was 

dictated by the size of the domain and the resulting run times for the models.  The model 

appears unable to adequately deal with the combustion processes, as the simulation results in 

more than one case showed a heat release rate that was well above the theoretical maximum 

delivered from the burner surface as in Figure 6.2.   

 

It is beyond the scope of this work to determine the factors that currently limit the ability of 

FDS to model this type of scenario.  The problem has been referred to the program developer, 

who has acknowledged the limitation in Version 4 of the program, and suggested further 

modelling be attempted using Version 5.  This is beyond the scope of the current work.  The 

scenario is to be investigated as a case study for further work on FDS. 

 

Modelling in FDS by Mammoser and Battaglia [6], discussed in Chapter 2.8.3, produced 

temperature contour results outside the opening that were comparable to those obtained 

experimentally.  The heat release rate time history is not presented for comparison, however is 
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assumed to have been sufficiently similar to warrant the presentation of temperature results.  

In comparison to the current work, the compartment was smaller in size, with a comparatively 

larger opening.    The coarsest grid investigated by Mammoser and Battaglia [6] had 180 cells 

spanning the opening.  In comparison, the simulations conducted in the current work had just 

16 cells spanning the smallest opening.  This may be a contributing factor to the unusual 

model results obtained, as the ability of the program to accurately model the flows through the 

opening is restricted. 
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Chapter 7 

Conclusions 

 

This research has addressed the ability to predict the height of flames projecting from 

compartment openings, both using experimental results and computer modelling with FDS.   

 

7.1 Flame heights and heat release rate 

Non-dimensional flame heights were observed to change depending on the non-dimensional 

heat release rate in each compartment fire experiment.  The results obtained support the 

findings of similar previous research in which a façade was present.  Results obtained 

experimentally show that the flame height can be approximated using a simplified 

relationship, which varies depending on the non-dimensional heat release rate *Q& . 
 

 For  1* <Q& ; 
3.1
*6.3*

3
2

QZ
&

=  
 

  1* >Q& ; 
3.1

1.0*7.3*
5

2
−

=
QZ
&

 
 

Stable conditions were not established in all the compartment experiments conducted.  The 

relationship between the non-dimensional flame height and heat release rate collapses into a 

clearer form by including the compartment temperature in the non-dimensionalising process.  

The flame height is expressed using the adjusted non-dimensional heat release rate, **Q& , as 

follows: 

 For  5.0** <Q& ; 3
2

**8.5* QZ &=  

  5.0** >Q& ; 0.1**5.3* 5
2
+= QZ &  

 
The temperature in the compartment depended on the position of the region of combustion.  

Transitional behaviour was observed near the ventilation limit with regards to the emergence 

of flames from the compartment opening and the temperature inside the compartment.  Once 

external flaming occurred, this was seen to occupy approximately the top half to two-thirds of 

the opening.  As the gas flow to the compartment was increased, the opening area became the 

effective surface area for the flame front filled the opening area, such that very limited 

combustion occurred within the compartment.   
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7.2 FDS modelling capabilities 

The FDS results for several of the models run produced physically unreasonable results in 

some cases.  The program cannot currently deal well with the level of incomplete combustion 

that prevailed.  The results may have improved with the use of a finer grid resolution, which 

would have enabled the exchange flow through the smaller openings to be modelled to a 

greater degree of accuracy.  However further refinement of the grid was unreasonable given 

that even simulations that performed required between two to four weeks to complete, using 

the level of computational power available.  

 

7.3 Further research 

7.3.1 Experimental 

The methodology employed for experiments could be improved in future research.  The heat 

release rate was observed as being indicative measure of whether the experiment had reached 

a stable state.  However, the temperature inside the compartment and the species yields in 

some cases indicated that a stable state had in fact not been reached, even after as long as 40 

minutes at a constant gas delivery rate.  For future experimentation it is recommended that a 

single heat release rate be investigated during each experiment, and that the experiment is 

continued until all measured quantities have reached a stable state. These quantities include 

measured heat release rate, flame behaviour, compartment temperature, and species yields. 

 

It should be noted that the results of this work originated from experiments conducted at a 

reduced scale to that typically found in compartment fires.  Although scaling rules exist, the 

extent to which they may be applied between the models and full-scale fires is uncertain.  

Therefore to ensure that the observed relationships are truly applicable to real fires, further 

experimentation at full scale is required. 

 

This thesis focuses on the flame height projecting from openings in under-ventilated 

compartment fires.  Throughout the research, many factors were identified as influencing 

flame height and therefore being in need of further investigation.  These include: 
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a) The effect of a tall façade extending above the opening, and the maximum façade 

height above the opening before it begins to affect the flame height. 

b) The effect of compartment size and insulation.   

c) The burner location and the effect of natural flame extension.     

d) The effect of fuel type on flame heights obtained, along with the flame emissivity 

and subsequent heat flux to the façade.  

e) The impact that a balcony, or horizontal projection, located above the opening has 

on the flame heights and trajectory. 

f) The effect of air currents, such as wind, on the flame trajectory and height. 

 

Other topics of interest arising from the current research include: 

 

g) The contributing factors for the transitional behaviour between clean burning and 

smoky flames at a variety of heat release rates and compartment temperatures.  

h) The behaviour of a compartment fire burning at or near the ventilation limit, where 

transitions between internal and external flaming were observed. 

i) The measured heat release rate in comparison to the theoretical maximum heat 

release rate, and the accompanying species yields. 

 

7.3.2 Computational  

The value of continued research using of FDS (Version 4) is questionable due to the quality of 

results gained during the initial simulations.  There is vast scope for continued research in this 

area, and in the ability of FDS to model such scenarios.  Areas for continued investigation 

within FDS, once it is established that it can adequately model the compartment fire 

scenarios, include the effect of grid resolution, pulsating flame behaviour and each of the 

aforementioned points for experimental investigations.   The application of scaling laws to 

enable modelling of smaller computational domains should be further investigated, as this is 

an area which may reduce computational time demands significantly and hence allow the use 

of a more refined grid size.  

 

Continued work with video analysis of flames may be used to determine the ability with 

which the flame area and volume may be related to heat release rate.  In the current work the 

ability to perform this analysis was restricted by the experimental set-up and ability of a video 
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camera to realistically withstand the radiation levels from a front view of the compartment 

opening for the duration of the experiments. 

The ability of Smokeview, the companion visualisation program to FDS, to reproduce the 

flame heights obtained using video image analysis from the laboratory experiments requires 

further investigation.  This includes determining the frequency of the Smokeview images 

required to obtain a reliable time-averaged contour plots for flame probability, and further 

study into the ability of the mixture fraction criteria of 0.01 within the model to determine the 

flame location. 
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Appendix A: Compartment Plans 

 
 

Plan 
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Front Elevation 

 

 
Side Elevation 
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Appendix B: Kaowool Properties  

Data sheet supplied by Forman Building Systems, Christchurch, New Zealand {Forman 

Building Systems, 2006 #107}.  Products used are highlighted in blue. 
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Appendix C: Experimental Results 

The results obtained experimentally are presented herein.  The theoretical heat release rate as 

determined from the gas delivery to the compartment and the measured heat release rate are 

presented first.  This is followed by the temperatures recorded by the thermocouple trees 

inside the compartment.   

 

All results are presented as 60-point averages; i.e. averages over one minute intervals.  This 

smoothes the noise present in the raw data. 

 

Contour plots illustrating the flame heights observed at various points during each test may be 

found in Appendix D. 
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Opening = 200 × 200mm 

Ventilation limit  =  27kW 
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Opening = 200 × 300mm (a) 

Ventilation limit  =  49kW 

 

 

 

 

 

0

25

50

75

100

125

150

175

200

225

0 1200 2400 3600 4800 6000 7200

Time (s)

H
ea

t r
el

ea
se

 ra
te

 (k
W

)

Q(mfc)

Q(ODC)
Q(TChem)

 
 

 

 

 

 

No flames 

Clean flames 

Very dim clean 
flames (not visible 
on video) 



 

 

Appendices 

135

0

100

200

300

400

500

600

700

800

900

1000

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200
Time (s)

T c
om

p,
re

ar
 (°

C
)

1 (Top)
2
3
4
5
6
7
8
9
10 (Bottom)

 

0

100

200

300

400

500

600

700

800

900

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200
Time (s)

T c
om

p,
fr

on
t (

°C
)

1 (Top)
2
3
4
5
6
7
8
9
10 (Bottom)

 



 

 

Appendices 

136 

Opening = 200 × 300mm (b) 

Ventilation limit  =  49kW 
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Opening = 200 × 500mm 

Ventilation limit  =  106kW 
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Opening = 300 × 200mm 

Ventilation limit  =  40kW 
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Opening = 300 × 300mm (a) 

Ventilation limit  =  74kW 
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Opening = 300 × 300mm (b) 

Ventilation limit  =  74kW 
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Opening = 300 × 300mm (c) 

Ventilation limit  =  74kW 
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Opening = 300 × 500mm (a) 

Ventilation limit  =  159kW  

 

 

 

 

 

0

50

100

150

200

250

300

350

0 1200 2400 3600 4800 6000

Time (s)

H
ea

t r
el

ea
se

 ra
te

 (k
W

)

Q(mfc)

Q(ODC)
Q(TChem)

 
 

 

 

Wispy 

Smoky 



 

 

Appendices 

149

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

0 1200 2400 3600 4800 6000

Time (s)

T c
om

p,
re

ar
 (°

C
)

1 (Top)
2
3
4
5
6
7
8
9
10 (Bottom)

 

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

0 1200 2400 3600 4800 6000

Time (s)

T c
om

p,
fr

on
t (

°C
)

1 (Top)
2
3
4
5
6
7
8
9
10 (Bottom)

 



 

 

Appendices 

150 

Opening = 300 × 500mm (b) 

Ventilation limit  =  159kW 
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Opening = 500 × 200mm 

Ventilation limit  =  67kW 
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Opening = 500 × 300mm (a) 

Ventilation limit  =  123kW 
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Opening = 500 × 300mm (b) 

Ventilation limit  =  123kW 
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Opening = 500 × 500mm 

Ventilation limit  =  265kW 
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Appendix D: Flame contours 

 

The contour plots on the following pages show results of the ImageStream analyses for the 

experimental results.   

 

The contour lines represent flame probabilities of 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 

95%.   

 

Note that there is a scale adjustment correction factor for each.  The coordinates for the top of 

the box and the top of the opening have not been adjusted and therefore correspond directly to 

the coordinates of the images shown.  The numerical results take into account the necessary 

scale adjustments. 

 

In many cases the region analysed in the generation of the contour plot did not include the 

bottom of the flames extending out of the window.  This was due to the memory limitations of 

the computer used in the analysis.  The lower section of the flames was not required for 

collection of results.  The coordinate location of the top of the front face of the box above the 

opening is noted, as is that of the top of the opening.  The region covered by the intensity plot 

differs between each time period analysed due to the variation in flame height and the 

computational memory limitations.   

 

In some plots the contours appear to be flattened at the top; this was due to the interaction of 

the top of the flames with the mesh located in the hood collecting the gases for analysis above 

the test box.  This phenomenon occurred only with the smaller openings with a high heat 

release rate.   
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Opening = 200 × 200mm Scale factor = 0.99429 
Ventilation limit = 26.8kW Top of box = 995mm 
   Top of opening = 636mm 
 

t = 900s & 1460s 
Qmfc = 26kW (Typical) 

t = 2240s 
Qmfc = 53kW  

t = 2640s 
Qmfc = 53kW  

Flames not visible 

 
Flames had low radiance 

 

t = 3450s 
Qmfc = 80kW 

t = 3920s 
Qmfc = 80kW  
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NEW for the following images: Scale factor = 0.99713 
(200 × 200mm continued) Top of box = 891mm 
   Top of opening = 538mm 
 

t = 4480s 
Qmfc = 107kW      *** 

t = 4910s 
Qmfc = 107kW 

t = 5660s 
Qmfc = 134kW  

   
t = 6130s 
Qmfc = 134kW  
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Opening = 200 × 300mm (a) Scale factor = 0.99713 
Ventilation limit = 49.3kW Top of box = 1020mm 
   Top of opening = 667mm 
 

t = 1660s 
Qmfc = 58kW 

t = 2140s 
Qmfc = 59kW  

t = 2660s 
Qmfc = 98kW  

  

 
t = 3200s 
Qmfc = 98kW 

t = 3970s 
Qmfc = 148kW  

t = 4160s 
Qmfc = 148kW  
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t = 4730s 
Qmfc = 148kW 

t = 5370s 
Qmfc = 197kW  

t = 5850s 
Qmfc = 197kW  
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Opening = 200 × 300mm (b) Scale factor = 1.01458 
Ventilation limit = 49.3kW Top of box = 998mm 
   Top of opening = 649mm 
 

t = 1730s 
Qmfc = 71kW 

t = 2770s 
Qmfc = 94kW  

t = 3580s 
Qmfc = 119kW  

   

t = 4500s 
Qmfc = 143kW 

t = 5580s 
Qmfc = 168kW  

t = 6570s 
Qmfc = 192kW  
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Opening = 200 × 500mm Scale factor = 1.00433 
Ventilation limit = 106.1kW Top of box = 1080mm 
   Top of opening = 735mm 
 

t = 1230s 
Qmfc = 155kW 

t = 1400s 
Qmfc = 155kW  

t = 2150s 
Qmfc = 208kW  

t = 2500s 
Qmfc = 208kW 

t = 3060s 
Qmfc = 261kW  

t = 3300s 
Qmfc = 261kW  
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t = 3950s 
Qmfc = 261kW 

t = 4690s 
Qmfc = 295kW  

t = 4770s 
Qmfc = 295kW  

   
t = 4980s 
Qmfc = 295kW 

t = 5520s 
Qmfc = 295kW  

t = 5670s 
Qmfc = 295kW  
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Opening = 300 × 200mm Scale factor = 1.01060 
Ventilation limit = 40.2kW Top of box = 1020mm 
   Top of opening = 667mm 
 

t = 1690s 
Qmfc = 48kW 

t = 2050s 
Qmfc = 48kW  

t = 2990s 
Qmfc = 80kW  

 
 
 
 

 

 
 
 
 

  

 
t = 3360s 
Qmfc = 80kW 

t = 3890s 
Qmfc = 119kW  

t = 3990s 
Qmfc = 119kW  
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t = 4140s 
Qmfc = 119kW 

t = 4480s 
Qmfc = 119kW  

t = 6040s 
Qmfc = 161kW  

   
t = 6220s 
Qmfc = 161kW 

t = 6580s 
Qmfc = 161kW  
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Opening = 300 × 300mm (a) Scale factor = 1.0000 
Ventilation limit = 73.9kW Top of box = 1135mm 
   Top of opening = 779mm 
 

t = 2420s 
Qmfc = 74kW 

t = 3000s 
Qmfc = 74kW  

t = 7570s 
Qmfc = 147kW 

 

 
 
Hot gases only 

 

 
 
Hot gases only 

 
t = 7800s 
Qmfc = 147kW 

t = 8340s 
Qmfc = 147kW  
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Opening = 300 × 300mm (b) Scale factor = 1.0000 
Ventilation limit = 73.9kW Top of box = 1172mm 
   Top of opening = 817mm 
 

t = 2523s 
Qmfc = 74kW 

t = 4720s 
Qmfc = 147kW  

t = 4810s 
Qmfc = 147kW  

 

 
 
Flame wispy and dim; not 
possible to analyse 

  
t = 5954s 
Qmfc = 147kW 

t = 6520s 
Qmfc = 147kW  

t = 6717s 
Qmfc = 147kW  
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Opening = 300 × 300mm (c) Scale factor = 0.99429 
Ventilation limit = 73.9kW Top of box = 920mm 
   Top of opening = 594mm 
 

t = 770s 
Qmfc = 293kW 

t = 1160s 
Qmfc = 293kW  

t = 1330s 
Qmfc = 292kW  

   

t = 1975s 
Qmfc = 220kW  

t = 2290s 
Qmfc = 220kW 

t = 2570s 
Qmfc = 220kW  

   



 

 

Appendices 

174 

 

 

 
 
 
 

t = 3000s 
Qmfc = 184kW 

t = 3180s 
Qmfc = 184kW 

t = 3470s 
Qmfc = 184kW  

   
t = 3870s 
Qmfc = 110kW 

t = 4210s 
Qmfc = 110kW  

t = 4370s 
Qmfc = 110kW  
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Opening = 300 × 500mm (a) Scale factor = 1.01060 
Ventilation limit = 159.1kW Top of box = 1029mm 
   Top of opening = 693mm 
 

t = 790, 850, 910, 1260s  
Qmfc = 159kW (Typical) 

 

 
 

 
  

 
Difficult to distinguish flame 
from glowing hot gases; 
however analysis performed 
using threshold as in the 
following time periods. 

t = 2210s 
Qmfc = 239kW  

t = 2270s 
Qmfc = 233kW  

t = 2700s 
Qmfc = 240kW 
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t = 2760s 
Qmfc = 239kW  

t = 3700s 
Qmfc = 271kW  

t = 4720s 
Qmfc = 198kW 
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Opening = 300 × 500mm (b) Scale factor = 1.15952 
Ventilation limit = 159.1kW Top of box = 906mm 
   Top of opening = 564mm 
 

t = 810s 
Qmfc = 302kW 

t = 1120s 
Qmfc = 297kW  

t = 1330s 
Qmfc = 291kW  

   
t = 1580s 
Qmfc = 251kW 

t = 1890s 
Qmfc = 251kW  

t = 2190s 
Qmfc = 222kW  
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t = 2500s 
Qmfc = 174kW 

t = 2837s 
Qmfc = 174kW  

t = 3040s 
Qmfc = 174kW  

   
t = 3230s 
Qmfc = 174lkW 
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Opening = 500 × 200mm Scale factor = 1.01688 
Ventilation limit = 67.1kW Top of box = 991mm 
   Top of opening = 639mm 
 

t = 2170s 
Qmfc = 76kW 

t = 2980s 
Qmfc = 97kW  

t = 4400s 
Qmfc = 131kW  

   
t = 6150s 
Qmfc = 164kW 

t = 7180s 
Qmfc = 197kW  

t = 8410s 
Qmfc = 231kW  
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t = 8900s 
Qmfc = 241kW 

t = 9520s 
Qmfc = 264kW  
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Opening = 500 × 300mm (a) Scale factor = 1.00288 
Ventilation limit = 123.2kW Top of box = 943mm 
   Top of opening = 591mm 
 

t = 470, 590, 745, 850s 
Qmfc = 123kW (Typical) 

t = 1618s 
Qmfc = 245kW  

t = 1700s 
Qmfc = 245kW  

No flames visible in video 

  
t = 2070s 
Qmfc = 245kW 

t = 2350s 
Qmfc = 246kW  

t = 2850s 
Qmfc = 305kW  
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Opening = 500 × 300mm (b) Scale factor = 1.01688 
Ventilation limit = 123.2kW Top of box = 977mm 
   Top of opening = 631mm 
 

t = 630s 
Qmfc = 181kW 

t = 1270s 
Qmfc = 181kW  

t = 1830s 
Qmfc = 181kW  

 

 
 
 
 

 

 
 
 
 

 

t = 2270s 
Qmfc = 221kW 

t = 2700s 
Qmfc = 221kW  

t = 3170s 
Qmfc = 242kW  
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t = 3710s 
Qmfc = 242kW 

t = 4400s 
Qmfc = 271kW  

t = 4830s 
Qmfc = 271kW  
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Opening = 500 × 500mm Scale factor = 1.01200 
Ventilation limit = 265.2kW Top of box = 1159mm 
   Top of opening = 803mm 
 

t = 770s 
Qmfc = 261kW 

t = 1270s 
Qmfc = 261kW  

t = 1810s 
Qmfc = 288kW  

   
t = 2040s 
Qmfc = 290kW 

t = 2210s 
Qmfc = 291kW  

t = 2700s 
Qmfc = 246kW  
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t = 3230s 
Qmfc = 246kW 

t = 3650s 
Qmfc = 221kW  

t = 3980s 
Qmfc = 221kW  

   

t = 4790s 
Qmfc = 186kW 

t = 5080s 
Qmfc = 186kW 
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Appendix E: FDS Input Files 

Opening = 200 × 200mm 

&HEAD CHID='200-200',TITLE='200-200' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=7020.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=1489.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.381/ 
&RAMP ID='MFC HRR',T=322.0,F=0.381/   
&RAMP ID='MFC HRR',T=323.0,F=0.194/ 
&RAMP ID='MFC HRR',T=1502.0,F=0.194/ 
&RAMP ID='MFC HRR',T=1503.0,F=0.396/ 
&RAMP ID='MFC HRR',T=2669.0,F=0.396/ 
&RAMP ID='MFC HRR',T=2670.0,F=0.597/ 
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&RAMP ID='MFC HRR',T=3842.0,F=0.597/ 
&RAMP ID='MFC HRR',T=3843.0,F=0.791/ 
&RAMP ID='MFC HRR',T=5042.0,F=0.791/ 
&RAMP ID='MFC HRR',T=5043.0,F=1.000/ 
&RAMP ID='MFC HRR',T=6240.0,F=1.000/ 
&RAMP ID='MFC HRR',T=6241.0,F=0.000/ 
&RAMP ID='MFC HRR',T=7020.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.65,1.85,1.14,1.26,0.6,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.65,1.85,1.2,1.2,0.6,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
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Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.70,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 200 × 300mm (a) 

&HEAD CHID='200-300',TITLE='200-300' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=6510.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=2189.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.249/ 
&RAMP ID='MFC HRR',T=1147.0,F=0.249/   
&RAMP ID='MFC HRR',T=1148.0,F=0.299/ 
&RAMP ID='MFC HRR',T=2220.0,F=0.299/ 
&RAMP ID='MFC HRR',T=2221.0,F=0.497/ 
&RAMP ID='MFC HRR',T=3435.0,F=0.497/ 
&RAMP ID='MFC HRR',T=3436.0,F=0.751/ 
&RAMP ID='MFC HRR',T=4984.0,F=0.751/ 
&RAMP ID='MFC HRR',T=4985.0,F=1.000/ 
&RAMP ID='MFC HRR',T=5943.0,F=1.000/ 
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&RAMP ID='MFC HRR',T=5944.0,F=0.000/ 
&RAMP ID='MFC HRR',T=6510.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.65,1.85,1.14,1.26,0.5,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.65,1.85,1.2,1.2,0.5,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
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&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.70,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 200 × 300mm (b) 

&HEAD CHID='200-300',TITLE='200-300' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=7970.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=2133.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.000/ 
&RAMP ID='MFC HRR',T=6.0,F=0.370/ 
&RAMP ID='MFC HRR',T=1863.0,F=0.370/ 
&RAMP ID='MFC HRR',T=1870.0,F=0.490/ 
&RAMP ID='MFC HRR',T=2899.0,F=0.490/ 
&RAMP ID='MFC HRR',T=2905.0,F=0.620/ 
&RAMP ID='MFC HRR',T=3743.0,F=0.620/ 
&RAMP ID='MFC HRR',T=3750.0,F=0.745/ 
&RAMP ID='MFC HRR',T=4798.0,F=0.745/ 
&RAMP ID='MFC HRR',T=4800.0,F=0.875/ 
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&RAMP ID='MFC HRR',T=5830.0,F=0.875/ 
&RAMP ID='MFC HRR',T=5835.0,F=1.000/ 
&RAMP ID='MFC HRR',T=6901.0,F=1.000/ 
&RAMP ID='MFC HRR',T=6906.0,F=0.240/ 
&RAMP ID='MFC HRR',T=7538.0,F=0.240/ 
&RAMP ID='MFC HRR',T=7540.0,F=0.000/ 
&RAMP ID='MFC HRR',T=7979.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.65,1.85,1.14,1.26,0.5,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.65,1.85,1.2,1.2,0.5,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
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Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.5,0.6/   
&THCP XYZ=1.75,0.65,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.50,0.65/ 
&THCP XYZ=1.75,0.15,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.6,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 200 × 500mm 

&HEAD CHID='200-500',TITLE='200-500' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=6149.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=3267.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.000/ 
&RAMP ID='MFC HRR',T=1.0,F=0.347/   
&RAMP ID='MFC HRR',T=899.0,F=0.347/ 
&RAMP ID='MFC HRR',T=900.0,F=0.527/ 
&RAMP ID='MFC HRR',T=1560.0,F=0.527/ 
&RAMP ID='MFC HRR',T=1563.0,F=0.707/ 
&RAMP ID='MFC HRR',T=2399.0,F=0.707/ 
&RAMP ID='MFC HRR',T=2404.0,F=0.888/ 
&RAMP ID='MFC HRR',T=3900.0,F=0.888/ 
&RAMP ID='MFC HRR',T=3903.0,F=1.000/ 
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&RAMP ID='MFC HRR',T=5841.0,F=1.000/ 
&RAMP ID='MFC HRR',T=5847.0,F=0.000/ 
&RAMP ID='MFC HRR',T=6149.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.65,1.85,1.14,1.26,0.3,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.7,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.7,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.65,1.85,1.2,1.2,0.3,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
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&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.5,0.6/   
&THCP XYZ=1.75,0.65,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.50,0.65/ 
&THCP XYZ=1.75,0.15,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.60,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 300 × 200mm 

&HEAD CHID='300-200',TITLE='300-200' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=8475.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=1789.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.248/ 
&RAMP ID='MFC HRR',T=1020.0,F=0.248/   
&RAMP ID='MFC HRR',T=1021.0,F=0.298/ 
&RAMP ID='MFC HRR',T=2339.0,F=0.298/ 
&RAMP ID='MFC HRR',T=2340.0,F=0.497/ 
&RAMP ID='MFC HRR',T=3420.0,F=0.497/ 
&RAMP ID='MFC HRR',T=3421.0,F=0.739/ 
&RAMP ID='MFC HRR',T=4620.0,F=0.739/ 
&RAMP ID='MFC HRR',T=4621.0,F=1.000/ 
&RAMP ID='MFC HRR',T=7380.0,F=1.000/ 
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&RAMP ID='MFC HRR',T=7381.0,F=0.000/ 
&RAMP ID='MFC HRR',T=8475.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.60,1.90,1.14,1.26,0.6,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.9,1.9,1.2,1.2,0.6,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
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&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.70,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
 

 



 

 

Appendices 

202 

Opening = 300 × 300mm (a) 

&HEAD CHID='300-300',TITLE='300-300' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=5460.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=1633.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=1.0/ 
&RAMP ID='MFC HRR',T=0.75,F=1.0/   
&RAMP ID='MFC HRR',T=76.0,F=0.503/ 
&RAMP ID='MFC HRR',T=2879.0,F=0.503/ 
&RAMP ID='MFC HRR',T=2880.0,F=1.0/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
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&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.60,1.90,1.14,1.26,0.5,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.60,1.90,1.2,1.2,0.5,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
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HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.70,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 300 × 300mm (c) 

&HEAD CHID='300-300',TITLE='300-300' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=4564.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=3256.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.000/ 
&RAMP ID='MFC HRR',T=90.0,F=1.000/   
&RAMP ID='MFC HRR',T=1263.0,F=1.000/ 
&RAMP ID='MFC HRR',T=1271.0,F=0.747/ 
&RAMP ID='MFC HRR',T=2643.0,F=0.747/ 
&RAMP ID='MFC HRR',T=2644.0,F=0.628/ 
&RAMP ID='MFC HRR',T=3479.0,F=0.628/ 
&RAMP ID='MFC HRR',T=3480.0,F=0.375/ 
&RAMP ID='MFC HRR',T=4319.0,F=0.375/ 
&RAMP ID='MFC HRR',T=4320.0,F=0.000/ 
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&RAMP ID='MFC HRR',T=4564.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.60,1.90,1.14,1.26,0.5,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.6,1.9,1.2,1.2,0.5,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
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&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.70,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 300 × 500mm (a) 

&HEAD CHID='300-500',TITLE='300-500' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=5220.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=3256.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.543/ 
&RAMP ID='MFC HRR',T=1500.0,F=0.543/   
&RAMP ID='MFC HRR',T=1520.0,F=0.816/ 
&RAMP ID='MFC HRR',T=1972.0,F=0.816/ 
&RAMP ID='MFC HRR',T=2456.0,F=0.734/ 
&RAMP ID='MFC HRR',T=2486.0,F=1.000/ 
&RAMP ID='MFC HRR',T=2514.0,F=0.816/ 
&RAMP ID='MFC HRR',T=3360.0,F=0.816/ 
&RAMP ID='MFC HRR',T=3380.0,F=0.952/ 
&RAMP ID='MFC HRR',T=3670.0,F=0.922/ 
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&RAMP ID='MFC HRR',T=3720.0,F=0.679/ 
&RAMP ID='MFC HRR',T=4950.0,F=0.679/ 
&RAMP ID='MFC HRR',T=4951.0,F=0.000/ 
&RAMP ID='MFC HRR',T=5220.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.60,1.90,1.14,1.26,0.3,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.60,1.90,1.2,1.2,0.3,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
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&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.70,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 300 × 500mm (b) 

&HEAD CHID='300-500',TITLE='300-500' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=3409.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=3489.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.000/ 
&RAMP ID='MFC HRR',T=15.0,F=1.000/   
&RAMP ID='MFC HRR',T=63.0,F=0.917/ 
&RAMP ID='MFC HRR',T=332.0,F=0.965/ 
&RAMP ID='MFC HRR',T=633.0,F=0.962/ 
&RAMP ID='MFC HRR',T=1180.0,F=0.927/ 
&RAMP ID='MFC HRR',T=1270.0,F=0.927/ 
&RAMP ID='MFC HRR',T=1273.0,F=0.806/ 
&RAMP ID='MFC HRR',T=1380.0,F=0.799/ 
&RAMP ID='MFC HRR',T=1798.0,F=0.796/ 
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&RAMP ID='MFC HRR',T=1800.0,F=0.704/ 
&RAMP ID='MFC HRR',T=2463.0,F=0.704/ 
&RAMP ID='MFC HRR',T=2465.0,F=0.554/ 
&RAMP ID='MFC HRR',T=3119.0,F=0.554/ 
&RAMP ID='MFC HRR',T=3138.0,F=0.000/ 
&RAMP ID='MFC HRR',T=3409.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.60,1.90,1.14,1.26,0.3,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.65,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.6,1.9,1.2,1.2,0.3,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
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Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.5,0.6/   
&THCP XYZ=1.75,0.65,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.50,0.65/ 
&THCP XYZ=1.75,0.15,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.60,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 500 × 200mm  

&HEAD CHID='500-200',TITLE='500-200' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=10648.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=2933.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.239/ 
&RAMP ID='MFC HRR',T=1030.0,F=0.239/   
&RAMP ID='MFC HRR',T=1031.0,F=0.288/ 
&RAMP ID='MFC HRR',T=2220.0,F=0.288/ 
&RAMP ID='MFC HRR',T=2221.0,F=0.367/ 
&RAMP ID='MFC HRR',T=3440.0,F=0.367/ 
&RAMP ID='MFC HRR',T=3441.0,F=0.496/ 
&RAMP ID='MFC HRR',T=4644.0,F=0.496/ 
&RAMP ID='MFC HRR',T=4645.0,F=0.621/ 
&RAMP ID='MFC HRR',T=6170.0,F=0.621/ 
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&RAMP ID='MFC HRR',T=6171.0,F=0.746/ 
&RAMP ID='MFC HRR',T=7550.0,F=0.746/ 
&RAMP ID='MFC HRR',T=7551.0,F=0.875/ 
&RAMP ID='MFC HRR',T=8760.0,F=0.875/ 
&RAMP ID='MFC HRR',T=8761.0,F=1.000/ 
&RAMP ID='MFC HRR',T=9840.0,F=1.000/ 
&RAMP ID='MFC HRR',T=9841.0,F=0.000/ 
&RAMP ID='MFC HRR',T=10468.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.50,2.00,1.14,1.26,0.6,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.65,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.50,2.00,1.2,1.2,0.6,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
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&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.7,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 500 × 300mm (a) 

&HEAD CHID='500-300',TITLE='500-300' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=3540.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=3256.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.374/ 
&RAMP ID='MFC HRR',T=1202.0,F=0.374/   
&RAMP ID='MFC HRR',T=1215.0,F=0.752/ 
&RAMP ID='MFC HRR',T=2147.0,F=0.752/ 
&RAMP ID='MFC HRR',T=2160.0,F=0.770/ 
&RAMP ID='MFC HRR',T=2396.0,F=0.733/ 
&RAMP ID='MFC HRR',T=2418.0,F=0.911/ 
&RAMP ID='MFC HRR',T=2436.0,F=0.755/ 
&RAMP ID='MFC HRR',T=2518.0,F=0.755/ 
&RAMP ID='MFC HRR',T=2535.0,F=1.000/ 
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&RAMP ID='MFC HRR',T=2963.0,F=0.865/ 
&RAMP ID='MFC HRR',T=2978.0,F=0.000/ 
&RAMP ID='MFC HRR',T=3540.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.50,2.00,1.14,1.26,0.5,0.8/    OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.50,2.00,1.2,1.2,0.3,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
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&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.6,0.7/   
&THCP XYZ=1.75,0.65,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.60,0.75/ 
&THCP XYZ=1.75,0.15,0.65,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.70,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 500 × 300mm (b) 

&HEAD CHID='500-300',TITLE='500-300' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=5624.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=3244.0,RGB=1.0,0.0,0.0/  
 
&RAMP ID='MFC HRR',T=0.0,F=0.000/ 
&RAMP ID='MFC HRR',T=20.0,F=0.620/ 
&RAMP ID='MFC HRR',T=1868.0,F=0.620/ 
&RAMP ID='MFC HRR',T=1872.0,F=0.757/ 
&RAMP ID='MFC HRR',T=2715.0,F=0.757/ 
&RAMP ID='MFC HRR',T=2720.0,F=0.829/ 
&RAMP ID='MFC HRR',T=3799.0,F=0.829/ 
&RAMP ID='MFC HRR',T=3815.0,F=0.928/ 
&RAMP ID='MFC HRR',T=4828.0,F=0.928/ 
&RAMP ID='MFC HRR',T=4832.0,F=1.000/ 
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&RAMP ID='MFC HRR',T=4865.0,F=1.000/ 
&RAMP ID='MFC HRR',T=4868.0,F=0.853/ 
&RAMP ID='MFC HRR',T=4880.0,F=0.979/ 
&RAMP ID='MFC HRR',T=4898.0,F=0.979/ 
&RAMP ID='MFC HRR',T=4899.0,F=1.000/ 
&RAMP ID='MFC HRR',T=4927.0,F=1.000/ 
&RAMP ID='MFC HRR',T=4928.0,F=0.853/ 
&RAMP ID='MFC HRR',T=4950.0,F=1.000/ 
&RAMP ID='MFC HRR',T=4977.0,F=1.000/ 
&RAMP ID='MFC HRR',T=4978.0,F=0.856/ 
&RAMP ID='MFC HRR',T=4986.0,F=0.959/ 
&RAMP ID='MFC HRR',T=4989.0,F=0.000/ 
&RAMP ID='MFC HRR',T=5624.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.5,2.0,1.14,1.26,0.5,0.8/     OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
Concentrations (O2, CO2, CO, H2O, fuel) in top corner of opening 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/  
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.5,2.0,1.2,1.2,0.5,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
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&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.5,0.6/   
&THCP XYZ=1.75,0.65,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.50,0.65/ 
&THCP XYZ=1.75,0.15,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.6,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Opening = 500 × 500mm  

&HEAD CHID='500-500',TITLE='500-500' / 
 
********************************The Grid*********************************** 
 
&GRID IBAR=24,JBAR=56,KBAR=64 / 
&PDIM XBAR0=1.2,XBAR=2.4,YBAR0=0.1,YBAR=2.9,ZBAR=3.0 / 
 
&TIME TWFIN=5220.0/         
 
*******************************Miscellaneous******************************* 
 
&MISC   
      TMPA       =20.0, 
      TMPO    =20.0, 
      SURF_DEFAULT  ='INERT' 
      REACTION  ='PROPANE' 
      DTCORE  =600. 
      NFRAMES  =5220./ 
 
&REAC ID='PROPANE' 
      FYI='Propane, C_3 H_8' 
      MW_FUEL=44 
      NU_O2=5. 
      NU_CO2=3. 
      NU_H2O=4. 
      SOOT_YIELD=0.01 /   
       
&VENT CB='XBAR0',SURF_ID='OPEN' / 
&VENT CB='XBAR' ,SURF_ID='OPEN' / 
&VENT CB='YBAR0',SURF_ID='OPEN' / 
&VENT CB='YBAR' ,SURF_ID='OPEN' / 
&VENT CB='ZBAR0',SURF_ID='OPEN'/ 
&VENT CB='ZBAR' ,SURF_ID='OPEN' / 
 
*******************************The Materials******************************* 
 
&SURF ID                   = 'KAOWOOL' 
      FYI                  = 'TYPE 1260' 
      RGB                  = 0.0,1.0,1.0 
      DELTA                = 0.05 
      DENSITY              = 250. 
      RAMP_KS              = 'KS' 
      C_P                 = 1.089 
      BACKING              = 'EXPOSED'/ 
&RAMP ID = 'KS',  T = 400.,   F = 0.09  / 
&RAMP ID = 'KS',  T = 600.,   F = 0.15  / 
&RAMP ID = 'KS',  T = 800.,   F = 0.155  / 
&RAMP ID = 'KS',  T = 1000.,  F = 0.195  / 
 
 
**********************************The Fire********************************* 
 
&OBST XB=1.6,1.9,2.35,2.65,0.0,0.2,SURF_ID6='INERT','INERT','INERT','INERT'

,'INERT','burner'/ 
&SURF ID='burner',RAMP_Q='MFC HRR',HRRPUA=3256.0,RGB=1.0,0.0,0.0/ 
 
&RAMP ID='MFC HRR',T=0.0,F=0.000/ 
&RAMP ID='MFC HRR',T=1.0,F=0.891/ 
&RAMP ID='MFC HRR',T=1319.0,F=0.891/ 
&RAMP ID='MFC HRR',T=1320.0,F=0.976/ 
&RAMP ID='MFC HRR',T=2389.0,F=1.000/ 
&RAMP ID='MFC HRR',T=2400.0,F=0.840/ 
&RAMP ID='MFC HRR',T=3227.0,F=0.840/ 
&RAMP ID='MFC HRR',T=3230.0,F=0.754/ 
&RAMP ID='MFC HRR',T=4128.0,F=0.754/ 
&RAMP ID='MFC HRR',T=4142.0,F=0.635/ 
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&RAMP ID='MFC HRR',T=5144.0,F=0.635/ 
&RAMP ID='MFC HRR',T=5149.0,F=0.000/ 
&RAMP ID='MFC HRR',T=5242.0,F=0.000/ 
 
*********************************The Geometry****************************** 
 
&OBST XB=1.2,2.3,1.2,2.8,0.0,0.05,SURF_ID=KAOWOOL/  Bottom 
&OBST XB=1.2,1.25,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Left wall  
&OBST XB=2.25,2.3,1.2,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Right wall  
&OBST XB=1.2,2.3,2.75,2.8,0.0,1.1,SURF_ID=KAOWOOL/  Back wall 
&OBST XB=1.2,2.3,1.2,2.8,1.05,1.1,SURF_ID=KAOWOOL/  Top 
&OBST XB=1.2,2.3,1.15,1.25,0.0,1.15,SURF_ID=KAOWOOL/  Front door  
 
&HOLE XB=1.5,2.0,1.14,1.26,0.3,0.8/     OPENING  
 
******************************Quantities Measured************************** 
 
&SLCF PBX=1.75,QUANTITY='TEMPERATURE'/ Temp through centre of opening 
&SLCF PBY=2.0,QUANTITY='TEMPERATURE'/ Temp through box cross section 
 
&SLCF PBX=1.75,QUANTITY='oxygen'/  O2 through box opening 
&SLCF PBY=2.0,QUANTITY='oxygen'/  O2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon dioxide'/ CO2 through box opening 
&SLCF PBY=2.0,QUANTITY='carbon dioxide'/ CO2 through box cross section 
 
&SLCF PBX=1.75,QUANTITY='carbon monoxide'/CO through box opening 
&SLCF PBY=2.0,QUANTITY='carbon monoxide'/ CO through box cross section 
 
&SLCF PBX=1.75,QUANTITY='fuel'/  Fuel conc through box opening 
&SLCF PBY=2.0,QUANTITY='fuel'/  Fuel box cross section 
 
 
&ISOF QUANTITY='MIXTURE_FRACTION',VALUE(1)=0.001,VALUE(2)=0.06,DTSAM=.04/
       Flames and smoke at 25fps 
&ISOF QUANTITY='TEMPERATURE',VALUE(1)=550.0,VALUE(2)=500.0,VALUE(3)=450.0/
       Temp const @ 450 500 and 550C 
 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='oxygen mass fraction',LABEL='O2mass 

    opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='oxygen',LABEL='O2 opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon dioxide',LABEL='CO2 opening'/ 
 Concentrations (O2, CO2, CO, H2O, fuel) in top corner 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='carbon monoxide',LABEL='CO opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='water vapor',LABEL='H2O opening'/ 
&THCP XYZ=1.55,1.30,0.75,QUANTITY='fuel',LABEL='fuel opening'/ 
 
Mass flow through opening 
&THCP XB=1.5,2.0,1.2,1.2,0.3,0.8,QUANTITY='MASS FLOW',LABEL='Mass flow'/
  
 
 
Heat release inside box 
&THCP XB=1.25,2.25,1.2,2.75,0.05,1.05,QUANTITY='HRR',LABEL='HRR in box'/
  
Back corner thermocouples 
&THCP XYZ=2.15,2.65,0.11,QUANTITY='TEMPERATURE',LABEL='T1'/    
&THCP XYZ=2.15,2.65,0.21,QUANTITY='TEMPERATURE',LABEL='T2'/ 
&THCP XYZ=2.15,2.65,0.31,QUANTITY='TEMPERATURE',LABEL='T3'/ 
&THCP XYZ=2.15,2.65,0.41,QUANTITY='TEMPERATURE',LABEL='T4'/ 
&THCP XYZ=2.15,2.65,0.51,QUANTITY='TEMPERATURE',LABEL='T5'/ 
&THCP XYZ=2.15,2.65,0.61,QUANTITY='TEMPERATURE',LABEL='T6'/  
&THCP XYZ=2.15,2.65,0.71,QUANTITY='TEMPERATURE',LABEL='T7'/ 
&THCP XYZ=2.15,2.65,0.81,QUANTITY='TEMPERATURE',LABEL='T8'/ 
&THCP XYZ=2.15,2.65,0.91,QUANTITY='TEMPERATURE',LABEL='T9'/ 
&THCP XYZ=2.15,2.65,1.01,QUANTITY='TEMPERATURE',LABEL='T10'/ 
 
Front corner thermocouples 
&THCP XYZ=1.35,1.35,0.11,QUANTITY='TEMPERATURE',LABEL='T11'/   
&THCP XYZ=1.35,1.35,0.21,QUANTITY='TEMPERATURE',LABEL='T12'/ 
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&THCP XYZ=1.35,1.35,0.31,QUANTITY='TEMPERATURE',LABEL='T13'/ 
&THCP XYZ=1.35,1.35,0.41,QUANTITY='TEMPERATURE',LABEL='T14'/ 
&THCP XYZ=1.35,1.35,0.51,QUANTITY='TEMPERATURE',LABEL='T15'/ 
&THCP XYZ=1.35,1.35,0.61,QUANTITY='TEMPERATURE',LABEL='T16'/  
&THCP XYZ=1.35,1.35,0.71,QUANTITY='TEMPERATURE',LABEL='T17'/ 
&THCP XYZ=1.35,1.35,0.81,QUANTITY='TEMPERATURE',LABEL='T18'/ 
&THCP XYZ=1.35,1.35,0.91,QUANTITY='TEMPERATURE',LABEL='T19'/ 
&THCP XYZ=1.35,1.35,1.01,QUANTITY='TEMPERATURE',LABEL='T20'/ 
 
HF Gauges in front of opening 
&OBST XB=1.70,1.8,0.6,0.65,0.5,0.6/       
&THCP XYZ=1.75,0.65,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 0.5m'/ 
&OBST XB=1.7,1.8,0.1,0.15,0.50,0.65/ 
&THCP XYZ=1.75,0.15,0.55,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0m'/ 
&THCP XYZ=1.75,0.15,0.6,QUANTITY='GAUGE_HEAT_FLUX',IOR=2,LABEL='HF 1.0mb'/ 
 
HF Gauge above opening 
&OBST XB=1.7,1.8,1.2,1.25,1.15,1.25/       
&THCP XYZ=1.75,1.20,1.2,QUANTITY='GAUGE_HEAT_FLUX',IOR=-2,LABEL='HF above 
opening'/  
 
Thermocouples outside the opening 
&THCP XYZ=1.75,0.6,0.35,QUANTITY='TEMPERATURE',LABEL='TEMP 0 35'/ 
&THCP XYZ=1.75,0.6,0.45,QUANTITY='TEMPERATURE',LABEL='TEMP 0 45'/ 
&THCP XYZ=1.75,0.6,0.55,QUANTITY='TEMPERATURE',LABEL='TEMP 0 55'/ 
&THCP XYZ=1.75,0.6,0.65,QUANTITY='TEMPERATURE',LABEL='TEMP 0 65'/ 
&THCP XYZ=1.75,0.6,0.75,QUANTITY='TEMPERATURE',LABEL='TEMP 0 75'/ 
&THCP XYZ=1.75,0.6,0.85,QUANTITY='TEMPERATURE',LABEL='TEMP 0 85'/  
&THCP XYZ=1.75,0.6,0.95,QUANTITY='TEMPERATURE',LABEL='TEMP 0 95'/ 
&THCP XYZ=1.75,0.6,1.05,QUANTITY='TEMPERATURE',LABEL='TEMP 0 105'/ 
 
 
 
... continued at 100mm intervals in the y and z planes to height of 3.05m 
between 0.6m and 1.2 (the front face of the compartment) 
 
End of file 
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Appendix F FDS Results 

The results of the FDS models simulated for comparison with the experimental results for 

flame heights obtained outside a compartment opening in an under-ventilated compartment 

fire scenario are presented on the following pages.  Each set of results is identified in the same 

manner as the experimental tests, for consistency and ease of reference.   

 

Note that for each simulation, the theoretical heat release rate given by the gas delivery rate in 

the experiments was replicated by specifying the heat release rate per unit area (HRRPUA) of 

a 300mm square “burner” surface.  Thus the input heat release rate for the FDS simulations 

was equivalent to mfcQ&  in each experimental test.   

 

Due to the poor ability of FDS to predict the behaviour observed experimentally, only the heat 

release rates and compartment temperatures are included.   

 

The first graph for each case shows heat release rate.  These graphs compare mfcQ& , ODCQ&  and 

FDSQ& .  ODCQ&  is the experimental heat release rate, determined using the oxygen depletion 

method.  FDSQ&  is the total heat release rate recorded by FDS.  The graphs also illustrate insideQ& , 

the heat release rate recorded by FDS as occurring within the volume of the compartment.  

Theoretically this is expected to equal VLQ& . 

 

The average compartment temperature is presented in each case, for both the FDS simulation 

(Tcomp,FDS) and the experimental results (Tcomp,expt).   

 

The data plotted in the graphs was obtained from 60-point moving averages both 

experimentally and from the FDS results. 

 

The first three minutes (180s) of recorded during the experiments was baseline data.  No gas 

was delivered to the compartment during this period, and no ignition occurred.  These 180s 

were not included in the FDS simulations.  The experimental results included in the graphs 

have been adjusted as appropriate to align the experimental and FDS results.  
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200 × 200mm opening: VLQ&  = 27kW 
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200 × 300mm (a) opening: VLQ&  = 49kW 
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200 × 300mm (b) opening: VLQ&  = 49kW 
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200 × 500mm opening: VLQ&  = 106kW 
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300 × 200mm opening: VLQ&  = 40kW 
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300 × 300mm (a) opening: VLQ&  = 74kW 
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300 × 300mm (c) opening: VLQ&  = 74kW 
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300 × 500mm (a) opening: VLQ&  = 159kW 
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300 × 500mm (b) opening: VLQ&  = 159kW 
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500 × 200mm opening: VLQ&  = 67kW 
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500 × 300mm (a) opening: VLQ&  = 123kW 
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500 × 300mm (b) opening: VLQ&  = 123kW 
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500 × 500mm opening: VLQ&  = 265kW 
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