
 

 

Numerical Modelling of Unchannelled Balcony Spill 

Plumes using FDS 5 

 

 

By 

 

 

Ho Yong Tiong 

 

 

Supervised by 

 

Dr Michael Spearpoint 

Associate Professor Charles Fleischmann 

 

 

Fire Engineering Research  

February 2012 

 

 

 

 

 

A research thesis presented as partial fulfilment of the requirements for the degree of 

Master of Engineering in Fire Engineering 

Department of Civil Engineering 

University of Canterbury  

Christchurch 

 

  



 

 

Abstract 

Currently there is limited design guidance for calculation that involves an 

unchannelled balcony spill plume. The current guidance for unchannelled spill plume 

can be obtained from CIBSE (TM19) and BS PD 7974 (Part 2). The guidance is a 

result of an analysis performed by Law (1995) on a set of experiments performed by 

Hansell et al (1993).  

 

Recently a series of unchannelled balcony spill plume experiments have been 

performed by Harrison (2009) at 1/10
th

-scale as part of a research project. Harrison 

(2009) developed a simplified design formula to calculate the mass flow rate from 

unchannelled spill plume. Results from Harrison suggested that an unchannelled 

balcony spill plume is a complex problem and his experiments were limited by the 

experimental facility. Harrison (2009) recommended that this problem should be 

supported with computer modelling for design.  Research from Harrison (2009) also 

resulted in a correlation that can be used to calculate the effective width of an 

unchannelled balcony spill plume.  

 

This research is primarily a numerical simulation of the unchannelled balcony spill 

plume using Fire Dynamics Simulator 5 version 5.3.0 (FDS 5). FDS 5 was used to 

model unchannelled balcony spill plume experiments performed by Harrison (2009) 

at 1/10
th

-scale. Results from Harrison‟s (2009) experiment were used to verify the 

results from the FDS simulation. A good match was obtained between experimental 

results and FDS simulation results.  

 

The 1/10
th

-scale model was extended to full-scale using the scaling laws. Then, the 

model was used to perform a series of unchannelled balcony spill plume simulations 

with variables of balcony breadth, compartment opening, fire size and height of rise 

of the spill plume.  

 

Mass flow rate readings from simulations were used to improve the effective width 

correlations developed by Harrison and an improved effective width correlation was 

developed.  Unchannelled balcony spill plume mass flow rate prediction with the 

revised effective width correlation was compared with mass flow rate predictions 



 

 

using the effective width correlation from Law (1995) and Harrison (2009). Results 

showed that the unchannelled balcony spill plume with revised effective width 

correlation has a better overall performance when compared to the effective width 

correlation from Law (1995) and Harrison (2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Nomenclature 

 

Symbols  

 

A =  Area (m
2
) 

b = Balcony breadth/projection (m) 

Cp,air  =  Specific heat of air  ( J/ kg K) 

Cd =  Coefficient of discharge 

d = Layer height of the spill plume (m) 

    = Height above floor (m) 

 ̇ = Mass flow rate (kg/s) 

ρ        = Density of the gas (kg/m
3
) 

  = Absolute gas temperature (K) 

 ̅  = Mass weighted average absolute gas temperature (K) 

 ̇     = Heat release rate (kW) 

u =  Velocity of the gas (m/s) 

W = Opening width (m) 

z    = Height of rise of plume (m) 

ө      = Temperature rise above ambient (K) 

 

 

 

Subscripts 

b = A property of the balcony 

c = Convective 

e =  Effective 

o =  Components evaluated at compartment opening 

s =  Components evaluated at spill edge 

t = Total 

3D = Three dimensional spill plume 
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1 INTRODUCTION  
 

Advancement in recent construction technology has led to innovative building 

designs. One of the innovations in building design is to incorporate large open atrium 

spaces (void) in building. Atrium spaces in building design have become more and 

more popular because they provide attractive and environmental controlled spaces 

(Lougheed 2000). Atrium spaces in building can often be seen in shopping malls, 

offices buildings and residential buildings.  

 

 

Figure 1-1 : Atrium space in Mid Valley Mega Mall, Kuala Lumpur 

                      (www.midvalley.com.my) 

 

Atrium spaces in buildings can be a significant threat in the event of a fire. The lack 

of floor separation between each floor can cause the smoke from fire to travel to other 

spaces other floors. For example, a fire occurring at the ground floor of a multi-storey 

building may affect occupants on the upper floors of the building because smoke 

generated at ground floor can travel to upper floors through the atrium spaces, and 

will affect the evacuation routes of occupants on upper floors. Fires occurring in 

atrium space can also reduce the effectiveness of sprinkler system because of the extra 

height of atrium spaces, which is typically more than 20 m (Lougheed 2000).  
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1.1 Balcony Spill Plume 

 

A spill plume is a vertical rising plume that originates from a horizontal moving 

plume. When a fire occurs in a space connecting to an atrium, a horizontally moving 

smoke layer will be produced. As the smoke layer travels to the opening and reaches 

the balcony of the space, it will rotate at the free edge of the balcony and rise 

vertically as a balcony spill plume. A graphical representation of a balcony spill 

plume is shown in Figure 1-2 . The symbols at the fire source represent the symbols 

that are related to fire source. The symbols at “flow out of the opening” section and 

“vertical rise” section represent the measurements that will be made at the respective 

section. The same goes to the horizontal dotted arrow representing the balcony 

breadth.    

 

 

 

 

Figure 1-2: Balcony spill plume (Morgan et al (1999)) 

 

As the smoke layer travels under the balcony, there will also be lateral spread of the 

plume beneath the balcony before it reaches the balcony edge and spills vertically. 

This will lead to more entrainment of air as the plume travels vertically as spill plume 

(Figure 1-4). 
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One common way of limiting the amount of spill plume produced is to include 

channelling screens at the openings of the space (Figure 1-4). The inclusion of 

channelling screens will limit the lateral spread of the spill plume beneath the 

balcony, therefore limiting the entrainment of air as well. The use of channelling 

screen is applied in smoke control strategy in multi storey shopping complexes 

(Morgan et al 1990).   

 
 

 

Figure 1-3: Front view of an unchannelled spill plume, showing smoke spreading laterally as it 

travels across the projecting balcony 

 

 

 
 

Figure 1-4: Front view of a channelled balcony spill plume. The channelling screen projecting 

underneath the balcony limits the lateral spread of smoke beneath the balcony  

 

One problem faced by fire engineers is that some clients prefer not to use channelling 

screens as a measure to limit the entrainment of balcony spill plume. This is due to 

reasons such as extra cost and the disruption of the architecture of the building. As a 

result, fire engineers will have to deal with design cases where channelling screens are 

not involved.  
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Currently there is limited design guidance for design calculations that involve 

unchannelled balcony spill plumes. The current guidance for unchannelled spill 

plumes can be obtained from CIBSE (TM19) and BS PD 7974(Part 2). The guidance 

is a result of an analysis performed by Law (1995) on a set of experiments performed 

by Hansell et al (1993). Recently, a series of unchannelled balcony spill plume 

experiments were performed by Harrison (2009) at 1/10
th

-scale as part of a research 

project. Results from Harrison suggested that unchannelled balcony spill plume is a 

complex problem and his experiments were limited by experimental conditions such 

as limited height of rise of the spill plume, limited scale of the experiments (as there 

were insufficient resources to perform the experiments at full-scale), limited number 

of heat release rates and limited number of balcony breadths.  Harrison (2009) 

recommended that this problem should be supported with computer modelling for 

design. This leads to the research objectives as outlined in section 1.2. 

 

1.2 Objectives 

 

The research objectives for this project are as follows 

 To use the numerical modelling program Fire Dynamics Simulator 5 (FDS 5) 

to simulate the characteristics of an unchannelled balcony spill plume. The 

latest FDS 5 version at time this research was taken was FDS 5 version 5.3.0 

 To obtain a reasonably good match between simulation and the experiments 

performed by Harrison (2009) 

 To provide feedback and improvement to the current guidance regarding hand 

calculations for unchannelled balcony spill plumes. 

 To provide guidance to fire engineers in using FDS to simulate unchannelled 

balcony spill plumes. 

 Improve the effective width correlation used for the unchannelled balcony 

spill plume equation.  
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2 LITERATURE REVIEW 

2.1 Mass flow rate calculations beyond spill edge 

 

When smoke control design is considered, a major parameter to be considered is the 

mass flow rate of the smoke caused by the fire. There are basically three regions of 

the spill plume where mass flow rate calculations are performed. Harrison (2009) 

identified the three regions as below: 

 

1. Fire compartment opening 

2. Between the fire compartment opening and the spill edge 

3. Beyond the spill edge 

 

Details of the calculation method for these three regions can be found in Harrison‟s 

report (2009). This report will focus on mass flow rate calculations beyond spill edge 

for an unchannelled flow.  

2.1.1 Law (1995) 

 

Analysis from Law (1995) using experimental data from Hansell et al (1993) has led 

to the following formula to calculate balcony spill plume with channelling screens 

below the balcony. 

 

 ̇           ̇   
     (         )                                        Equation 2-1 

 

For a channelled flow,     is also the width of the opening because the lateral extent 

of the spill plume is confined by the channelling screen.  

 

When there are no channelling screens placed beneath the balcony, there will be 

lateral spread of the smoke as it travels beneath the balcony. In this case, the term     

will not be equal to the width of the compartment opening anymore. The lateral 

spread will cause extra entrainment to the smoke compared to a spill plume from an 

opening of the same size. To take into account of this extra entrainment, Law (1995) 

used limited experimental data from Hansell et al (1995) to come out with the 

following expression. 
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                                                                               Equation 2-2 

 

According to Law (1995), the effective width from                                                                                

Equation 2-2 does not represent the true lateral extent of the unchannelled spill plume 

at the balcony edge. It is only a term to use to take into the extra entrainment of the 

spill plume when the channelling screens are not present under the balcony.  

 

So when performing calculations for mass flow rate of an uchannelled spill plume,  

Equation 2-2 was  substituted into Equation 2-1  to become the following equation 

 

 ̇           ̇            (         )                                            Equation 2-3 

         

2.1.2 Harrison and Spearpoint (2009) 

 

Several 1/10
th

-scale experiments were performed by Harrison at the University of 

Canterbury as part of a Phd project. The experiments examined the entrainment of 

spill plumes at different height of rise, different fire sizes and different compartment 

opening widths. 

 

The experiments were performed at opening widths Wo of 0.2, 0.4, 0.6, 0.8, 1.0 m. 

The heat release rate  ̇  used in the experiments were 5.0, 10.0, 15 kW. 

Measurements of mass flow rate were taken at height of rise of plume zs  0, 0.3, 0.5, 

0.73, 1.25 m.    

 

Analysis of the entrainment of spill plume based on the variables mentioned has led to 

the following equation to calculate the mass flow rate of the spill plume with 

channelling screen. 

 ̇          ̇ 
   

[    
          

   
]        ̇                               Equation 2-4 

 

 

Harrison also performed experiments for the spill plumes without channelling screens. 

These experiments were performed at a fixed balcony breadth 0.3 m. In attempt to use 

equation 2-4 for a spill plume without channelling screens, Harrison rearranged 

equation 2-4 for the unchannelled mass flow rates to solve for the term Wo, which is 

the effective width for the unchannelled spill plume.  
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However equation 2-4 requires the convective heat flow  ̇ , layer depth ds, and mass 

flow rate at spill edge  ̇  to be measured.  These terms are difficult to measure due to 

the lateral spread of an unchannelled spill plume underneath the balcony. Harrison 

obtained these values from the experiments with channelling screens. Harrison found 

out that the data were strongly correlated by plotting We,s / b and Wo /b on the y axis 

and x axis respectively.  As a result of the correlation, Harrison obtained the following 

correlation for the effective width of an unchannelled spill plume.  

 

                                                                                   Equation 2-5 

 

However Harrison was not comfortable with this correlation because the correlation 

was based on the experiments performed a fixed balcony breadth and the equation 

indicates that the effective width correlation We is solely dependent on the balcony 

projection distance. 

 

Harrison proposed an improved version of  Law‟s correlation by assuming a greater 

angle of spread in the effective width of the plume. This is shown in the following 

equation. 

 

                                                                                                                          Equation 2-6 

 

The length of the balcony projection plays an important role in an unchannelled flow 

because it affects the amount of entrainment of the smoke (from the sides) as it travels 

beneath the balcony to the balcony edge, before spilling up as a spill plume. This 

problem does not exist for a channelled flow because the entrainment from the sides is 

prevented from the channelling screens.  

 

 

 

 

2.2 FDS simulations on balcony spill plumes 
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2.2.1 Hadjisophocleous et al (2005) 

 

Hadjisophocleous et al provided some basic guidelines for the use of CFD simulations 

to model fire and smoke. The issues investigated in the guidelines were grid 

resolutions, plume entrainment rates, combustion models, smoke modelling, radiative 

fraction, non-orthogonal geometries, interface height calculation and boundary layer 

modelling. Hadjisophocleous et al indentified 4 basic steps in fire and smoke 

modelling.  

 

Computational domain 

Hadjisophocleous stated that the computational domain for some problem is obvious, 

but for examples that include door and window plumes, the computational domain 

have to be carefully selected so that accurate results can be obtained from the 

simulation.  

 

Grid Generation 

The higher number of grid points generally means more accurate results, it however 

causes extra computational time. Therefore one of the challenges in modelling fire 

and smoke is to determine the optimum grid size such that an accurate and affordable 

solution can be obtained.  

 

Boundary Condition 

The thermal properties at each boundary condition of the computational domain have 

to be specified carefully. For the case of free flows, the boundary conditions have to 

be defined at a distance away from the flow so that they do not interfere with the flow, 

and therefore influencing the results. 

 

Fire modelling  

There are two ways to model the fire source. The first way is to create a volumetric 

heat source at which the combustion takes place. The second way is to use a 

combustion model. The characteristics of the heat source has to be specified correctly 

for a realistic plume. 

 

Some of the main findings from the simulations were as follows 
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 For atrium simulations, a higher resolution does not necessarily produce more 

accurate results for the bulk plume flow at higher elevations. It was suggested 

that a mesh resolution of 10
-1 

m to be used for the plume models. 

 The flow through doors and windows can be modelled accurately by adding an 

exterior computational domain of small length. 

 For a constant mesh, the accuracy of the plume decreases as the fire size 

increases. 

 The radiative fraction of the fuel plays a vital role in fire development and the 

time to flashover. It should be specified carefully to accurately represent the 

fuel. 

2.2.2 Valkist  (2007) 

 

Valkist developed simple design formulae for 3-D balcony spill plumes using FDS 

(Version 4). The simulations were carried out with opening widths of 7.2, 14.4, 50.0 

and 87.2 m. There was a 1.0 m deep downstand at the compartment opening. The heat 

release rates examined in the simulations were 3.5 MW and 7.0 MW respectively. The 

compartment had a dimension of 13.8 m x 5.4 m and a height of 5 m. The plume was 

allowed to rise as an unhindered opened plume. The mass flow rate of the rising 

plume was examined at height of rise up to 56.8 m above the spill edge. Valkist 

carried out analysis on the simulation results and came out with a simplified and 

modified method to calculate the mass flow rate of the rising plume 

 

The simplified method has the following form  

 

 ̇              
        ̇ 

   
     ̇                                                     Equation 2-7 

 

The modified method has a similar form with the simplified method. The additional 

term for this method is the layer height of the smoke at spill edge.  

 

 ̇                  
        ̇ 

   
(

  

  
)    ̇                                            Equation 2-8 
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Both of these methods require the term  ̇       which is the mass flow rate of the 

plume at height of rise zs =0. Valkist provided the following equation to calculate this 

term 

 

 ̇              ̇ 
         

        
      

                                                      Equation 2-9 

 

 

2.2.3 McCartney et al (2008) 

 

McCartney et al stated that the balcony spill plume equations in North American 

standards and codes require some concern due to the lack of full-scale experiments to 

verify the experiments and also the limited height (5-7 m) at which the full-scale 

experiments were performed. Therefore a series of CFD simulations using FDS 

(Version 3) was carried out to address this matter. The use of CFD modelling enables 

the plume mass flow rate to be examined at height of rise more than 7 m.  

 

The compartment model had a dimension of 12 m wide by 5 m deep by 4 m high. The 

compartment opening was varied between 5 m to 10 m. The fire compartment had a   

5 m balcony projecting from the opening. The fire plume was allowed to rise 

unhindered onto up to 50 m above the balcony. No smoke collecting hood was 

included in the simulations. Therefore an open boundary condition was specified for 

the simulations. Because of the way the fire plume was modelled, there was no smoke 

layer formed in the plume. The mass flow rate of the spill plume was calculated 

across horizontal section of the flow domain at an interval of 0.5 m. Results from the 

analysis has led to the following equations to calculate the mass flow rate of the spill 

plume at high elevations. These equations are also in the guidance in NFPA 92 B 

 

For 3-D balcony spill plumes that has height of rise    < 15 m, 

 ̇           ̇ 
   

   
             )                                                     Equation 2-10 

 

For 3-D balcony spill plumes with height of rise      15 m and Ws< 10 m, 

 ̇           ̇ 
   

   
             

    
          

    
    )  

                                                                                                                                      Equation 2-11 
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For 3-D balcony spill plumes with height of rise      15 m, and 10 m      14 m 

 

 ̇          ̇ 
   

   

 

                 )                                           Equation 2-12 

 

2.2.4 Harrison (2009) 

 

In addition to the experiments performed by Harrison as mentioned in section 2.1.2, 

Harrison also performed a series of FDS simulations to investigate the performance of 

FDS on predicting the mass flow rates of the channelled balcony spill plumes. The 

details of the compartment are mentioned in section 2.1.2 of the report. The 

computational domain for the simulation was 3.0 m long by 2.0 m wide by 2.4 m 

high. The boundaries were set as open domain to allow the spill plume to rise up 

unhindered. The computational domain was divided into several domains to allow 

parallel processing of the simulations. This allowed simulation time to be reduced 

significantly. The fire source was modelled as a burner with a specified heat release 

rate per unit area and located at the same place as the fire tray in the experiment.  

 

In order to measure the mass flow rate of the spill plume, a temperature slice was 

inserted into the FDS in different height of rise of interest. This allowed the plume 

shape to be visualized in the smokeview output file of FDS. Therefore, the integration 

of mass flow rate can be performed across the plume shape to give accurate 

measurements of mass flow rate of the spill plume. The simulations were performed 

for fire sizes of 5.0, 10.0 and 15.0 kW, opening width of 6 m and height of rise up to 

0.95 m. 
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Figure 2-1 : Mass flow rate comparison between FDS simulations and experiments. (Harrison 

2009 

 

Results from Figure 2-1  generally showed a good agreement between the mass flow 

rate from experiments and the mass flow rate from the FDS simulations.  It can be 

seen from Figure 2-1 that the scatter of the data are less for narrow opening (0.2 m) 

compared to scatter of data at medium (0.6 m) to wide (1.0 m) opening. The Scatter of 

data also tends to increase at the mass flow rate value of more than 0.3 kg/s. Results 

from this finding generally showed that the FDS can be used to predict the mass flow 

rate of the spill plume accurately.  

 

The main focus of this research is to use the FDS to improve the effective width We 

correlations developed by Law (Section 2.1.1) and Harrison (Section 2.1.2). Due to 

the limited resources, the experiments performed by Harrison were only performed at 

one tenth-scale and a fixed balcony breadth. By utilizing the FDS and scaling laws, 

the simulations of the spill plumes can be performed at full-scale and different 

balcony projections. The current effective width We correlation can then be improved 

with the appropriate correlation of mass flow rate readings from the simulation. 
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2.3 The research approach 

 

The research was carried out by the following steps. The first part of the research was 

to set up the experimental compartment in FDS. This is labelled as dotted box A in 

figure 3-1.  The setup of the compartment geometry, properties of the compartment, 

modelling of the fire source, boundary condition setup and determination of time to 

steady state was performed in section 3.1 of the report.   

 

After the experimental compartment was setup properly in FDS, simulations of the 

experiments were performed. The modelling approach was to match the readings at 

openings first, before moving on to matching the readings at higher heights. A 

suitable grid size was determined. Simulation of temperature profiles and mass flow 

rate readings of the spill plume was performed at the compartment opening. These 

tasks were performed in section 3.2 and section 3.3 respectively and correspond to the 

area at dotted box B in Figure 3-1. Following this, the comparison of mass flow rates 

of the spill plume was obtained between the experimental and simulation results. This 

task was performed in section 3.4 of the report and corresponds to the area at dotted C 

in Figure 3-1. 

 

With reasonable match between experimental and simulation mass flow rate obtained, 

the model was extended to full scale by utilising the scaling laws. This task was 

performed in section 4 of the report.  This task repeats the simulation of experiments 

as mentioned in previous paragraph, but with all of the simulations at full-scale 

instead of one-tenth scale.  

 

The completed full scale model was then used to improve the correlation of effective 

width (Refer to section 2.1.2) developed by Harrison (2009). This task was performed 

at section 5 of the report.  The simulations were performed at different balcony 

projections to include the effect of balcony breadth in the effective width correlation. 

The results from the simulations were used to improve the effective width correlation 

proposed by Harrison (2009). This task was performed in section 5.2 of the report.  

 

Finally, the performance of the effective width correlation was compared against the 

effective width correlation developed by Law (1995) and Harrison (2009). 
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3 SIMULATION OF 1/10
th

 SCALE EXPERIMENTS 

3.1 Geometry setup 

This section explains how the experimental setup was set up in the FDS model.  

 

 
Figure 3-1: Schematic drawing of the experimental compartment  (Harrison  2009) 

 

 

A B 

 

 

C 
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Figure 3-2: Experimental compartment in the lab (Harrison 2009) 

 

The experimental setup for the experiments performed by Harrison (Harrison, 2009) 

is shown in shown in figure 3.1. The experiment consists of the fire compartment with 

the fire source located on the fire tray. The fire compartment was constructed by using 

CFI (Ceramic Fibre Insulation) board and steel sheet. The width of the opening was 

constructed by covering the opening of the compartment from both sides with 

different size of CFI board.   There was a balcony projecting from the opening of the 

fire compartment. The fire source from the fire compartment produced smoke that 

travelled to the opening of the compartment and then to the balcony edge. The smoke 

then spills upwards as balcony spill plume into the smoke collecting hood. The 

collecting hood had a smoke exhaust duct that maintained the smoke layer at a certain 

layer height.  

3.1.1 Compartment setup in fds 

 

The CFI board used in the experiment was purchased from Forman building system. 

The thermal properties of the CFI board were obtained from manufacturer‟s data sheet 

[13]. The properties are shown as follows.  Details of the CFI board datasheet are 

shown in appendix 8.2. 

 Density = 250 kg/m
3
 

 Specific heat = 815 J /(kg K) 
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 Thermal Conductivity = 0.06 W/(m K ) 

 

The thickness of the CFI board set as 25 mm, which was consistent with the thickness 

of CFI board used by Harrison(2009).  Representation of the compartment in FDS is 

shown in Figure 3-3. 

 

 

 

 

Figure 3-3 : Side view and front view of the experimental compartment in FDS 

 

3.1.2 Modelling the fire source 

 

The methodology of modelling the fire tray is consistent with the method used by  

Harrison  (Harrison 2009). The fire tray in the fire compartment was modelled by a 

burner with a specified heat release rate per unit area (HRRPUA). The fuel source 

used in the experiment was IMS (Industrial Methylated Spirits). The HRRPUA of the 

burner was specified as 527 kW/m
2 

(Williams 1993). The burner in the simulation 

was located at the same position as the fire tray in the experiment 
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Another important parameter for the fuel is the radiative fraction. The radiative 

fraction determines how much fraction of energy from the fuel released as thermal 

radiation. Initially, the radiative fraction of the fuel source was set as default value in 

FDS , which is 0.35. However this was later modified (in Section 3.2.1) to be more 

consistent with the fuel. 

 

In Harrison‟s experiments, there were two fire sizes performed for the unchannelled 

balcony spill plume experiments. The fire size used were 5 kW and 10 kW. This 

corresponds to a burner with a surface area of  0.01 m
2 

 and  0.019 m
2 

respectively 

based on the HRRPUA of 527kW/m
2
(Williams 1993).  

3.1.3 Time for simulation to reach the steady state. 

 

In Harrison‟s work (Harrison 2009), it was showed that the optimum grid size for 

modelling the channelled smoke flow was 25 mm. The same grid size was used as a 

starting point in the process of determination of grid size. Before the grid size 

determination was performed, it was necessary to determine the time required for the 

simulation to reach the steady state. This was performed by placing a thermocouple 

device right below the centre of the balcony for temperature measurements at that 

location. The simulation was performed for 1000s and results are shown in Figure 3-4 

. 

 

Figure 3-4 : Temperature profile right below the centre of the balcony 
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As shown in figure 3.4, the simulation was performed for 20 mm, 25 mm and 30 mm 

of grid size. Results from the simulation showed that the temperature profiles showed 

not much of a difference between the 20 mm and 25 mm grid size. The simulation 

using 20 mm grid size requires about 1 week for simulation to complete. However, 

the simulation using 25 mm only requires about three days for simulation to complete. 

From this analysis, the preliminary optimum grid size used for the simulation will be 

25 mm. Simulations results also showed that temperature profile reaches steady state 

at about 600s. Therefore the temperature readings for the rest of the simulations were 

obtained by taking the average of temperature readings from 600s to 700s.  

3.2 Determination of grid size 

 

Measurements available from the experiment 

Harrison‟s (Harrison 2009) experiments provided the following information that can 

be used to compare with FDS results.  

 Temperature profiles across the balcony edge 

 Temperature profile across the compartment opening 

 Mass flow rate readings at the compartment opening 

 Mass flow rate of the plume at different height of elevation 

 

Figure 3-5 : Thermocouple locations of the experimental setup.  (Harrison 2009) 
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To save time for running the simulations, the comparisons at the compartment 

opening was made first, before proceeding to the comparisons above the balcony. The 

first thing investigated was the temperature profile across the balcony edge and the 

temperature profile across the opening. This stage also allows the suitable grid size for 

modelling the compartment to be determined. As shown in Figure 3-6, the 

temperature profile across the balcony corresponds to Array A. Array A represents an 

array of 23 thermocouples located and spaced across the width of the spill edge, at 10 

mm below the edge. It was spaced in a way that a minimum of 5 thermocouples will 

be detecting the temperature readings at the compartment edge for any opening width 

of the compartment. The temperature profile below the spill edge corresponds to 

Column C. Column C represents a column of 18 thermocouples located below the 

centreline of the spill edge. The thermocouples used in the experiment were 0.5 mm 

diameter Chrolem/alumel (K-type) thermocouples. The position of the thermocouples 

for the simulation was specified according to the exact positions in the experiment. 

The thermocouples were specified using the “thermocouple” command. The FDS 

setup of the thermocouples are shown in Figure 3-6 

 

 

Figure 3-6: Thermocouple locations for measuring temperature profile in FDS simulations. 

 

Experimental setup at the compartment has the following variables 

 

 

Array A 

Column C 

Compartment 

opening 
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Table 3-1 :  Fire Size and Compartment Opening variables from the experiment.  

 

In determining the appropriate grid size for running the simulation, two experimental 

setups were selected from the list to run the simulation. The selected experiment 

condition was 5 kW fire size and 0.2 m opening, 5 kW fire size 0.6 m opening. 

Results are shown in Figure 3-7 to Figure 3-10. 

 

5 kW Fire Size 0.2 m Opening 

 

 

 
 

Figure 3-7 : Vertical Temperature Profile along the Centre of Balcony (Column C) 

 

 



21 

 

 
 

 
Figure 3-8 : Horizontal Temperature Profile across the Balcony Edge (Array A) 

 

 

5 kW Fire Size 0.6 m Opening 

 

 

Figure 3-9 : Vertical Temperature Profile along the Centre of  Balcony (Column C) 
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Figure 3-10 : Horizontal Temperature Profile across the Balcony Edge( Array A) 

 

 

For the temperature profile of Array A, the results from the simulations using 20 mm 

grid size clearly shows a smoother curve compared to the results from the simulations 

using 25 mm grid size. For temperature profiles of column C, there is generally an 

under prediction of temperature profile especially at distance within 0.1 m below spill 

edge. There is little temperature difference between simulations of 20 mm and           

25 mm grid size. The predicted layer height under the balcony is also slightly lower 

(temperature profile drops to zero at shorter distance) compared to experimental 

results.  

3.2.1 Effect of radiative fraction 

 

The under prediction of temperature from Figure 3-7 to Figure 3-10 suggests that 

there was an important parameter missing in modelling the fire source. It was found 

out that FDS has a default value of 0.35 for radiative fraction. However, the fuel used 

in the experiment was methanol. Methanol has a high burning efficiency, therefore the 

radiative fraction associated with it is lower than the default value. The radiative 

fraction for Methanol was obtained from a reference and specified as 0.23 (Tewarson 

1988). The following simulations were performed for experimental conditions of 5 

kW fire size ,0.6 m opening to observe the effect of radiative fraction.  
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Figure 3-11: Vertical Temperature Profile along the Centre of Balcony (Column C) 

 
 

 

Figure 3-12: Horizontal Temperature Profile across the Balcony Edge( Array A) 

 

Results from Figure 3-11 and Figure 3-12 showed that there is a significant difference 

for temperature profile readings between default radiative fraction and radiative 

fraction of 0.23. It should be noted that the value of radiative fraction can be further 

reduced until the best match between the experimental and the simulation results can 

be obtained. However it was decided to use radiative fraction of 0.23 as it is the 

recommended value for IMS fuel based on reference (Tewarson 1998). As for 

determining the optimum size for the simulation, the simulation results from Figure 

3-7 to Figure 3-10 showed that a grid size of 20 mm is the optimum grid size for a 

smooth temperature characteristics at the compartment opening.  
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With the optimum setup, the simulations were performed for other experimental 

configuration as follows. The compartment openings selected represents compartment 

openings form narrow (0.2 m) to wide (1.0 m).  

 

Table 3-2 : Simulation variables to investigate temperature characteristics at compartment 

                   opening. 

 

Results from the simulations are shown in the following figures. The results from 5 

kW fire size and 0.6 m opening was already shown in Figure 3-11 and Figure 3-12, 

therefore it will not be shown in the following figures. 

 

5 kW Fire size 0.2 m Opening 

 

 
 

Figure 3-13 : Vertical temperature profile along the centre of balcony (Column C) 
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Figure 3-14 :  Horizontal temperature profile across the balcony edge (Array A) 

 

 

 

5 kW Fire size 1.0 m Opening 

 

 
 

 
Figure 3-15 : Vertical temperature profile along the centre of balcony (Column C) 
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Figure 3-16: Horizontal temperature profile across the balcony edge (Array A) 

 

 

 

 

 

 

10 kW Fire Size 0.2 m Opening 

 

 
 

Figure 3-17 : Vertical temperature profile along the centre of balcony (Column C) 
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Figure 3-18: Horizontal temperature profile across the balcony edge (Array A) 

 

 

 

 

 

 

10 kW Fire size 0.6 m Opening 

 

 
 
Figure 3-19: Vertical temperature profile along the centre of balcony (Column C) 
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Figure 3-20 : Horizontal temperature profile across the balcony edge (Array A) 

 

10 kW Fire size  1.0 m  Opening 

 

 
 
Figure 3-21 : Vertical temperature profile along the centre of balcony (Column C) 
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Figure 3-22 : Horizontal temperature profile across the balcony edge (Array A) 

 

Results from Figure 3-13 to Figure 3-22 showed that with the optimum grid size of 

20mm and radiative fraciton of 0.23, there is a good agreement between the 

experimental results and the simulation results. For horizontal temperature profile 

(Array A), a very important characteristic that is consistent with the experimental 

profile is that there is a symmetrical spread of temperature profile. Despite some 

under prediction of temperature at the centre of the balcony (Especially for 

compartment with 2.0 m wide opening), maximum temperature generally occurs at 

the centre of the opening, and decreases across both ends of the balcony. For vertical 

temperature (Column C), there is still generally under pediction of temperature profile 

especially at upper regions of the openings. 

3.3 Mass flow rate at compartment opening 

 

As deduced from the temperature profiles, it is almost impossible to match every 

point of the temperature profile at compartment openings. Another way to assess the 

prediction of FDS at the compartment opening is to look at the mass flow rate coming 

out of the compartment . Unfortunately, results from Harrison‟s experiment (Harrison 

2009) does not provide experimental results at the compartment openings without the 

use of channelling screens. There was only mass flow rate readings at the 

compartment openings with the use of channelling screens. The mass flow rate at 

compartment edge are different for cases with and without channeling screens due to 

the lateral spread of smoke flow for an  unchannelled flow. This can be visualized in 
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temperature profile predicted by FDS for both flows , which is shown in Figure 3-25 

(for channelled flow) and Figure 3-28 (for unchannelled flow). 

 

However the extra entrainment as the spill plume travels from the compartment 

opening to balcony edge will not cause significant increase in mass flow rate because 

of the channeling screens limiting the lateral spread of the spill plume underneath the 

balcony. Therefore, referrring to  Figure 3-23, if it can be shown that the mass flow 

rate of the spill plume at the spill edge (for a channelled flow)has little difference to 

the mass flow rate at the opening (for a channelled flow), the mass flow rate readings 

at the spill edge (for a channelled flow) from Harriions experiment (Harrison 2009) 

can then be used to compare with the mass flow rate readings at the openings of the 

unchannelled flow. The reason is that the mass flow rate readings at the compartment 

openings for both unchannelled and channelled flow should not have much difference 

. The mass flow rate measurements at compartment opening for unchannelled flow is 

shown in  Figure 3-24. 

 

 
 

 

Mass flow rate measurements at spill edge 

 

 

Mass flow rate measurements at opening 
 

Figure 3-23 : Mass flow rate measurements at spill edge and mass flow rate measurements at 

opening (For a channelled flow) 
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Mass flow rate measurements at opening 

 
Figure 3-24 : Mass flow rate measurements at opening (For unchannelled flow) 

 

In order to determine the mass flow rate of the smoke flow coming out from the 

compartment, the command „mass flow‟ in FDS was used. The command requires 

two inputs. The first input required was the direction of the mass flow to be measured. 

Specifying the direction as „+‟ means the mass flow command will measure the mass 

flow rate coming out from the compartment, while specifying as „-„ means measuring 

mass flow rate into the compartment.  In this case, the direction is specified as „+‟.  

 

The second input required for the mass flow command is the dimensions of the plane 

that the mass flow rate is measured. This is a very important parameter because if the 

plane is specified wrongly, there will be either over prediction or under prediction of 

the mass flow rate. In order to specify the size of the plane, a slice of temperature 

profile was included at the opening of the compartment, as shown in Figure 3-25. The 

slice of the temperature profile enabled the layer height of the mass flow to be 

estimated, as shown in Figure 3-25. Once the layer depth is known, the size of the 

mass flow rate measuring plane can then be estimated from the slice file, as shown in 

Figure 3-26.  
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The same method was used to measure the mass flow rate coming out for the 

compartment for an unchannelled smoke flow. This is shown in Figure 3-27. 

 

Figure 3-25 : Slice file indicating the layer height at the compartment opening.  

 

 

Figure 3-26 : Size of the plane to measure the mass flow rate coming out from the compartment 

                       opening, for a channelled flow 
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Figure 3-27 : Size of the plane to measure the mass flow rate coming out from the compartment 

                       opening, for an unchannelled flow.  

 

 

 

 

 

Figure 3-28 : Temperature slice at balcony edge for an unchannelled flow 

 

 

 

Table 3-3 : Experimental and simulation results for compartment flow at openings. 
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Results from the simulations are shown in 3.3. The second column is the experimental 

mass flow rate (mfr) for a channelled flow at balcony edge, obtained from Harrisons 

(2009) experiments.  The layer depths at the compartment opening, obtained from the 

simulation are shown in column 3, this is used to specify the depth of the mass flow 

rate measuring plane. 

 

The third and fourth column correspond to the mass flow rate obtained from the  

simulation for a channelled flow. The third column corresponds to the mass flow rate 

at the balcony edge (shown in Figure 3-23), while the fourth column corresponds to 

the mass flow rate at the compartment opening (shown in Figure 3-23).  

 

From column 2 and column 3, it can be deduced that there is a good agreement 

between the simulation results and the experimental results from Harrison (2009) for 

the mass flow rate at the balcony edge.  For the configurations studied, the mass flow 

rates from the simulations are all within the experiment uncertainties of Harrison‟s 

experiment. This proved that the FDS can give an accurate prediction of the mass 

flow rate at the balcony edge for a channelled flow.  

 

From this, the next step is to show that the mass flow rate at the balcony edge (for an 

channelled flow) is similar to the mass flow rate at the compartment opening (for a 

channelled smoke flow). From column 4 and column 5, it can be deduced that there is 

a little difference in the mass flow rate at the balcony edge and mass flow rate at the 

compartment opening. The slight increase in the mass flow rate at the balcony edge is 

due to the extra entrainment of the smoke flow as it travels from the compartment 

opening to the balcony edge. As shown in column 4 and column 5, the slight increase 

in the mass flow rate at the balcony edge when compared to the mass flow rate at the 

compartment opening is not significant. This means that the experimental results from 

Harrison(2009) can be compared with the simulation mass flow rate readings at 

compartment opening for an  unchannelled flow (column 6).  

 

Comparing the results with column 2 and column 6 showed that the FDS can give 

accurate predictions of  mass flow rate coming out from the compartment. There is 

insignificant difference between the experimental mass flow rate at the balcony edge 
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(channelled flow) and the simulation mass flow rate at the compartment opening 

(unchannelled flow). This is also shown in Figure 3-29 where most of the results 

agree within the 10% error bar of the experimental results.  

 

In addition to this, the results from column 5 and column 6 showed slight difference 

between the mass flow rate at the compartment opening for a channelled flow and the 

mass flow rate at the compartment opening for an unchannelled flow.  At the 

compartment opening, the mass flow rate for an unchannelled flow is higher than the 

mass flow rate for a channelled flow. This is probably caused by the extra entrainment 

from the both sides of the opening of an unchannelled flow. A graphical 

representation of the results from Table 3-3 is shown in Figure 3-39 with 10% error 

bar allocated to each dataset. 

 

 

Figure 3-29 : Comparison between experimental mass flow rate and simulated mass flow rate at 

                       compartment openings and compartment edge  

 

3.4 Mass flow rate of the spill plume 

 

The comparison of temperature profile from section 3.2 and the mass flow readings 

from section 3.3 has showed that the FDS can give good predictions for the readings 

at the compartment opening. Therefore, the matching of the FDS results with the 
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experimental results, at the compartment opening is completed. The next step is to 

investigate if the FDS can give an accurate prediction of the mass flow rate of the spill 

plume. The  mass flow rate of the spill plume is illustrated in Figure 3-30. 

 

In Harrison‟s experiment, the mass flow rate of the spill plume was obtained at 

several height of rise. The height of rise of the spill plume was controlled by the 

smoke exhaust fan by varying the exhaust rate of the fan.  The temperature and 

velocity measurements obtained in the smoke exhaust duct enabled the mass flow rate 

corresponds to a certain height of rise to be calculated. The height of rise of the spill 

plume was also the clear layer height of the spill plume.  

 

The first attempt was to model the spill plume including the smoke collecting hood. 

The reason was that it was shown in Harrison‟s work (2009) that the FDS was capable 

of modelling the spill plume with a smoke collecting hood. Results from Harrison‟s 

work (2009) showed that if the exhaust rate of the smoke collecting hood is specified 

correctly, FDS can model the spill plume experiment with the clear layer height 

consistent with the experimental condition. This can be illustrated clearer in the 

following figure, extracted from Harrison‟s (2009) work.  
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Figure 3-30 : FDS simulation from Harrison’s (2009) work  

 

However, modelling the spill plume including the smoke collecting hood was quite 

challenging. The reason was that unlike the conditions in the experiments, the smoke 

exhaust rate cannot be varied during the simulation time. In a simulation, only a 

certain smoke exhaust rate can be specified. The results of the simulation will be 

unknown until the simulation is completed. Therefore, if the smoke exhaust rate was 

specified wrongly, the simulation will end up with the wrong clear layer height. So, 

unless the required mass flow rate to keep the smoke layer at the correct layer height 

is known, the simulation will have to be repeated until correct layer height is reached.  

 

Because of this difficulty, another approach was taken. This approach was similar as 

the method used to measure the mass flow rate at compartment opening from section 

3.3. In this case, the experimental condition is modelled as an open space as shown in 

Figure 3-31 to Figure 3-33. 

Mass flow rate at exhaust 

Mass flow rate at spill plume 

and smoke layer interface 
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Figure 3-31 : Modelling the experimental condition as open space , front view 

 

 

 
Figure 3-32 : Modelling the experimental condition as open space, side view  
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Figure 3-33 : Modelling the experimental condition as open space, top view 

 

Figure 3-31 to Figure 3-33 show the configuration of modelling the experimental 

condition as an open space, where the smoke collecting hood is not included. The 

smoke shape of the spill plume was shown using the “Plot 3d” command in FDS. In 

this case, there is no  smoke exhaust and smoke collecting hood to determine the mass 

flow rate required to keep the smoke layer at a certain layer height. However, in the 

case where smoke collecting hood is available, the mass flow rate of the smoke 

exhaust to maintain clear layer height is actually same as the mass flow rate of the 

spill plume entering the smoke layer, as shown in Figure 3-30 

 

In determining the mass flow rate of the spill plume, the first attempt was to use the 

same method in section 3.3. By using this method, the plume cross-section was 

obtained by including the temperature slice profile at a particular height. This enables 

the plume cross section of the spill plume to be visualized. This step is shown in 

Figure 3-34. Once the plume cross section is visualized, the mass flow rate can be 

determined by specifying a plane of “mass flow” measuring device in the FDS. 
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Figure 3-34: Plume cross section for an unchannelled flow 

 

However, there is a problem associated with this way of measuring mass flow rate of 

the spill plume. For a channelled flow (as shown in Figure 3-35), specifying the mass 

flow rate measurement plane is not difficult because the plume shape of a channelled 

flow is well defined. Unlike the spill plume associated with a channelled flow, the 

shape of the plume cross section for an unchannelled flow is not well defined. 

Therefore, specifying a plane to measure the mass flow rate of the plume cross section 

is difficult. In addition, the plane to measure mass flow rate can only be specified as a 

rectangular plane. As a result, this will require a combination of rectangular planes to 

define the plume cross section, as shown in Figure 3-36  

 

In addition, it was noted that not all of the area enclosed by the mass flow rate 

measuring plane is smoke. There will also be cool air and the rest of the smoke that 

does not have the buoyancy to rise up as a spill plume.  This will result in an over 

prediction as all mass flow rates from each measuring plane are added up together.  
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Figure 3-35: Plume cross section for a channelled flow (extracted from Harrison (2009)) 

 

 

 

 

Figure 3-36: Combination of rectangular mass flow rate measurement plane 

 

Because of the difficulty in defining the mass flow rate measurement plane, another 

approach was taken in calculating the mass flow rate. The mass flow rate of the spill 

plume was calculated by using the fundamental mass flow equation.  

 

 

  

 



42 

 

 

Mass flow rate = Density x velocity x area 

 

Where 

 

Velocity =  Velocity of the plume in upwards direction 

Area  =  Grid size 

Density  =  Calculated from temperature, using Ideal gas law.  

 

In this case, the mass flow rate of each grid associated with the plume was calculated 

by the fundamental mass flow rate equation, and then summed up to yield the mass 

flow rate of the spill plume. From the fundamental mass flow rate equation, the data 

required for the calculations was temperature and velocity profiles. The temperature 

and velocity profiles were obtained by using temperature and velocity slices at height 

of interest. In order to convert the slice file data from FDS to data files, the command 

“fds2ascii” was used. By using the “fds2ascii” command, it converts temperature and 

velocity readings at each grid of the slice to numerical outputs, as shown in Table 3-4 

 

 

 

Table 3-4 : Part of a complete fds2ascii output file 

 

As shown in Table 3-4, the output from fds2ascii command provided the temperature 

and velocity readings in every point of the spill plume slice file. For each point, the 

density of the gas was calculated by using the temperature readings and ideal gas law. 

The area used for the calculation was the grid size of the cell. Therefore, the mass 

flow rate for each point can be calculated. Finally the mass flow rate for each point 
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was summed up to give the total mass flow rate of the spill plume at a particular 

height of rise.  

 

Despite having the mass flow rate for each point of the slice, it can be seen clearly 

from the spill plume slice file that not every point in the slice is part of the spill 

plume. It was necessary to define a core temperature and velocity associated with the 

spill plume.  Valkist (2007) defined core temperature of the plume as temperature of 

the plume where the temperature is 1 K above the ambient temperature. Also, the core 

velocity of the plume was defined as the velocity of the spill plume in the upwards 

directions where the velocity is positive. In other words, the data from Table 3-4 is 

filtered out such that only temperature readings that are 1K above the ambient 

temperature and the velocity readings that are positive are left in the data.  

 

Once the core velocity and temperature was defined, the next step was to define the 

plume width. The mass flow rate calculation will only be performed for regions inside 

the plume width. The plume width was defined using the critical velocity criteria. If 

the velocity of the plume at a certain point of the spill plume is less than the critical 

velocity, it will not be included in the calculation and summation of the mass flow        

ate 

 

Research from the literature showed that usually the temperature and velocity rise in a 

rising plume are generally Gaussian in shape (Heskestad, 2002). The plume width can 

be defined at the point of 0.368 multiplied by centreline velocity value (Heskestad 

2002), which is also the maximum velocity value of the slice. Therefore the critical 

velocity was defined as 0.368 multiplied by the maximum velocity value of the slice. 

The maximum velocity value of the temperature slice can be obtained by sorting the 

4
th

 column in Table 3-4 at a decreasing value using the Excel “sort” function. Once 

the critical velocity was obtained, mass flow rate from each row (with velocity higher 

than the critical velocity) from Table 3-4 was summed up to yield the mass flow rate 

of the plume.  

 

The method for calculating the mass flow rate of the spill plume at a certain height of 

rise can be summarized as follows 
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1. For height of rise of interest, obtain the velocity and temperature slice using 

the functions from FDS. 

 

2. Convert the velocity and temperature slice to data files using “fds2ascii” 

command. This results in fds2ascii output file, as shown in Table 3-4.  

 

3. Filter out data points where the temperature is not 1 K more than the ambient 

temperature, and where the velocity is not positive. 

 

4. Calculate the critical velocity by 0.368 multiplied by the maximum velocity 

value from the slice file.  

 

5. Filter out data points where the velocity associated with the data point is less 

than the critical velocity calculated 

 

6. Calculate the mass flow rate contribution by each data points using the 

fundamental mass flow equation. 

 

7. Sum the mass flow rate for all the data points to yield the total mass flow rate 

at that certain height of rise. 

 

With the method to calculate mass flow rate determined, simulations were performed 

according to the variables obtained from Harrison‟s experiments. The results and 

simulation variables are shown in the following table. Table 3-5 shows comparison 

between mass flow rates from Harrison‟s (2009) experiment and simulation results 

obtained from FDS.  The simulation variables are shown as follows. 

 

Fire size : 5 kW, 10 kW 

Compartment opening: 0.2 m, 0.4 m, 0.6 m,0. 8 m, 1.0 m 

Height of rise of spill plume z (Clear layer height):  0 m, 0.3 m, 0. 5 m, 0. 7 m 
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Table 3-5 : Mass flow rate results from the simulation, compared with results from Harrison’s 

experiments 

 

The results from Table 3-5 showed that there is generally under prediction of the mass 

flow rate calculations with velocity and temperature data from FDS. Despite the 

average error was only 16%, there were many cases where under prediction of the 

mass flow rate is more than 20 %. The worst under prediction occurs at 10 kW 0.6 m, 

with an average under prediction of more than 20%.  Good mass flow rate predictions 

were obtained at 5 kW 0.6 m and 5 kW 1.0 m, with most errors within 10% , with a 

bad prediction at zs=0.7 (31%) at 5 kW 0.6 m. 

 

The reason that most prediction of the mass flow rate was less than the experimental 

mass flow rate is because the critical velocity is based on the maximum velocity value 

from the temperature profile, that can be one very high value. This leads to a very 

high critical velocity value. As a result, there were quite a few points in the slice file,  
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that is also part of the plume getting filtered out in the mass flow rate calculation 

process. 

 

Instead of defining the critical velocity as the maximum value of the velocity array, 

another method was taken. The critical velocity was defined in terms of top percentile 

of the velocity array, using the „percentile‟ function in excel. Therefore, 

 

Critical velocity =  0.368 x n
th

 percentile of velocity array instead of 

Critical velocity = 0.368 x maximum velocity of array 

 

Steps 1-7 were repeated with step 4 replaced by the new approach. The calculation 

was performed from 85
th

 percentile to 95
th

 percentile. The results are shown in Table 

3-6 to Table 3-10. 

 

Table 3-6 :  Mass flow rates from simulation, critical velocity at 85
th

 percentile of the array 
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Table 3-7: Mass flow rates from simulation, critical velocity at 90
th

 percentile of the array 
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Table 3-8: Mass flow rates from simulation, critical velocity at 92
nd

 percentile of the array 
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Table 3-9: Mass flow rates from simulation, critical velocity at 93
rd

 percentile of the array 
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Table 3-10: Mass flow rates from simulation, critical velocity at 95
th

 percentile of the array 

 

The results from these tables are presented in chart format in the following figures. 

The line of equality for the following figures are presented with 20% error bar 
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Figure 3-37 : Mass flow rates from simulation, not using the critical velocity criteria 

 

 

 

 

Figure 3-38 : Mass flow rates from simulation, critical velocity at 85
th

 percentile of the array 
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Figure 3-39 : Mass flow rates from simulation, critical velocity at 90
th

 percentile of the array 

 

 

 

 

Figure 3-40 : Mass flow rates from simulation, critical velocity at 92
nd

 percentile of the array 
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Figure 3-41 : Mass flow rates from simulation, critical velocity at 93

rd
 percentile of the array 

 

 

 

 

 

 
 

Figure 3-42 : Mass flow rates from simulation, critical velocity at 95
th

 percentile of the array 

 

 

 



54 

 

 

 

 

Table 3-11: Summary of mass flow rate prediction error with the range of percentile values . 

 

Results from Figure 3-37 showed that if mass flow rate is calculated without using the 

critical velocity criteria, there will be quite a few under predictions especially at mass 

flow rate more than 0.3 kg/s.  When the critical velocity criteria of 85
th

 percentile is 

used (Figure 3-38), the mass flow rate prediction from simulation is much more 

improved with only a few points that is outside the error bar. When the critical 

velocity criteria is 90
th

 percentile onwards (Figure 3-38 to Figure 3-42 ), almost all of 
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the points are within the 20 % error bar. The average errors for these percentiles are 

summarized in Table 3-11. 

 

Table 3-11 showed that if the critical velocity was defined by the top 93
rd

 percentile 

of the velocity, a better match to the experiments can be obtained over the range of 

experimental setup of Harrison‟s (2009) experiment. In most cases, the results from 

simulation were around 10 %. There were some bad cases especially at higher height 

of rise (zs =0.7 m) where the agreement experimental error was slightly higher. All 

simulation results had an agreement to experimental results within 15 %, with average 

error of 7.1 %.  Therefore a good match of mass flow rate readings was obtained 

between simulations and experiments at 1/10
th

 scale if the critical velocity is defined 

by the top 93
3rd

 percentile of the velocity.  
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4 MODEL EXTENSION TO FULL-SCALE 

4.1 Scaling law and Dimensions 

 

Section 3 concluded that a good match between the experiments and simulations was 

achieved in the 1/10
th

-scale model. Experiments from Harrison (2009) were 

performed at 1/10
th

-scale due to limited resource.  By utilizing the FDS, the 1/10
th

-

scale model can be extended to full-scale.     

 

Therefore the next step is to extend this model to full-scale and perform a comparison 

between the full-scale and the 1/10
th

-scale simulation model. This step will also 

investigate how well the scaling laws will work for the FDS. In order to scale up the 

model to full-scale, the scaling law principles set out by Thomas et al (1963) are used. 

By keeping the temperature above the ambient constant, a 1/10
th

-scale model can be 

scaled up to full-scale by the following equations 

 

  ̇     
 

 ⁄                         Equation 4-1 

 

 ̇      
 

 ⁄                           Equation 4-2 

 

 ̇        
 

 ⁄                           Equation 4-3 

 

         
 

    ⁄                          Equation 4-4 

 

A more detailed derivation of the scaling is explained in Harrison [2009]. 

 

For example, say at 1/10
th

-scale, an experiment was conducted at 5 kW, the mass flow 

rate of the plume at height of rise of  0.3 m ( at zs=0.3m)  is  0.4 kg/s. By using the 

scaling law equations,  the experiment will have the following variables at full scale 

 

Heat release rate = 5 kW  x 10
5/2

  = 1.6 MW 
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The  height of rise of 0.3 m will be  equivalent to height of rise of 3 m at full-scale 

 

The mass flow rate at full-scale will have the value of 0.4 kg/s x 10
5/2

  = 126 kg/s 

 

 

So, if the dimensions of the experiments are scaled up ten times larger ( to full-scale) 

and the fire size of the experiments are scaled up according to equation [4-1], the 

mass flow rates and velocity of the readings will also be scaled up according to 

equation [4-2]. It should be noted that the temperature profile will still remain the 

same according to the scaling law.  The dimensions of the  1/10
th

-scale version of the 

model and the scaled up version of the model are shown in the following table.  

 

 

Table 4-1 : Scaling up the relevant parameters 

 

 

4.2 Comparison at openings (full- scale) 

 

With the scaled version of the model calculated, similar analysis from section 3.2 is 

used to perform a comparison between full model and 1/10
th

-scale model. At first, the 

temperature profiles at the opening are compared.  Results are shown in Figure 4-1 to 

Figure 4-6. Readers can refer to Figure 3-6 for the naming conventions of the 

temperature profile 
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1.6 MW Fire Size 2 m Opening 

 

 

 

 

 

 

 

Figure 4-1 : Temperature profiles for fire size of 1.6MW and opening of 2m 

 

Results from Figure 4-1 showed that both scale results agrees well with each other. 

Both under predict the temperature profile, but not by a large margin.  
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1.6 MW Fire Size 6 m Opening 

 

 

 

 

Figure 4-2: Temperature profiles for fire size of 1.6MW and opening of 6m 

 

From Figure 4-2, it can be seen that both scale results are consistent. Both under 

predict the temperature profile, but not by a large margin. Both scale results under 

predict the temperature profile at the top of column C 
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1.6 MW Fire Size 10 m Opening 

 

 

 

 

Figure 4-3: Temperature profiles for fire size of 1.6MW and opening of 10m 

 

Figure 4-3 showed that results between both scale results are consistent for vertical 

temperature profile. But the full scale predictions for horizontal temperature profiles 

are slightly lower compared to the 1/10
th

 scale predictions.  However both results are 

still quite close to the experimental results.  
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3.2 MW Fire Size 2 m Opening 

 

 

 

 

 

Figure 4-4: Temperature profiles for fire size of 3.2MW and opening of 2m 

 

For the case of 3.2 MW fire size and 2 m opening, results for full-scale simulations 

are slightly higher than the 1/10
th

-scale simulations.  Both results are close to 

experimental results. 
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3.2 MW Fire Size 6 m Opening 

 

 

 

 

Figure 4-5: Temperature profiles for fire size of 3.2MW and opening of 6m 

 

Results from Figure 4-5 showed consistent results between full-scale and 1/10
th

-scale 

results.  Both results are close to experimental results 
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3.2 MW Fire Size 10 m Opening 

 

 

 

 

 

Figure 4-6: Temperature profiles for fire size of 3.2MW and opening of 10m 
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So far, the worst match between full-scale and 1/10
th

-scale results was observed at 3.2 

MW Fire Size 10 m Opening. Predictions at full scale simulations are lower compared 

to experimental results and simulation results at 1/10
th

-scale.  

 

Overall results from Figure 4-1 to Figure 4-6 showed that there is a good agreement 

between 1/10
th

-scale and full-scale simulation results. The temperature prediction for 

the  3.2 MW fire size and 10 m opening is slightly lower compared to others, but is 

still within reasonable range. Results from both 1/10
th

-scale and full-scale simulation 

all showed symmetrical spread of temperature profile from the centre of the balcony.  

 

As mentioned previously in section 3.3, it is impossible to match every point of the 

temperature profile between the experiments and simulation. Another way to look at 

this was to look the mass flow rate coming out from the compartment. The same 

method as discussed in section 3.3 was used to estimate the mass flow rate coming out 

from the compartment. Results are shown in the following table.  

 

 

Table 4-2 : Mass flow Comparisons at compartment openings 
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Results from Table 4-2 showed that there is good agreement between the simulation 

results at 1/10
th

-scale and the simulation results at full scale. Generally there are over 

predictions for most full scale simulations with the exception of the 3.2 MW 2m 

setting. The results from temperature profile and mass flow readings at openings 

showed that there is a good match when the simulation results are scaled up according 

to the scaling law.   

4.3 Comparison of mass flow rate of the spill plume  

 

Following this, the next step is to use the percentile method (as explained in section 

1.1) to determine the best percentile to predict the mass flow rate of the spill plume.  

The simulations were performed over the following variables 

 

Fire size: 1.6 MW 3.2 MW 

Compartment opening:  2 m, 4 m, 6 m, 8 m,10 m 

Height of rise of the plume: 3 m, 5 m , 7 m, 9 m 

 

It should be noted that there are some cases (especially at height of rise zs of 0.9 m ) in 

the experiments, the event of plug holing was observed . Therefore the mass flow rate 

results will not be used to compare against the simulation results.  Results were shown 

in Table 4-3 to Table 4-6. 
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93
rd

 percentile 

 

 

 

Table 4-3 : Mass flow rates from simulation, critical velocity at 93
rd

 percentile of the array 

 

Average error = 9.6 % 
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95
th

 percentile 

 

 

Table 4-4: Mass flow rates from simulation, critical velocity at 95
th

 percentile of the array 

 

Average error = 10.1 % 
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97
th

 percentile 

 

 

Table 4-5 : Mass flow rates from simulation, critical velocity at 97
th

 percentile of the array 

 

Average error = 9.4  
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99
th

 percentile 

 

 

Table 4-6 : Mass flow rates from simulation, critical velocity at 99
th

 percentile of the array 

 

Average error = 9.9 % 
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Results from Table 4-3 to Table 4-6 are also presented graphically in  Figure 4-7 to 

Figure 4-10.  The line of equality is shown with 20% error bars.  

93
rd

 percentile 

 

 

 

Figure 4-7 :  Mass flow rates from simulation, critical velocity at 93
rd

percentile of the array 

 

95
th

 percentile 

 

 
Figure 4-8: Mass flow rates from simulation, critical velocity at 95

th 
percentile of the array 
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97
th

 percentile 

 

 
Figure 4-9: Mass flow rates from simulation, critical velocity at 97

th 
percentile of the array 

 

99
th

 percentile 

 

 
Figure 4-10 : Mass flow rates from simulation, critical velocity at 99

th 
percentile of the array 
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From Figure 4-7 to Figure 4-10, it can be seen that at the percentiles of  93 and 95,  

there are quite a few points on the simulation results that have an  error of more than 

20% when compared to the  simulation  results . However, at the percentile of 97 and 

99, most of the data points are within the error bars. Results from Table 4-3 to Table 

4-6 showed that the 97
th

 percentile has the best match to experiment with average 

error of 9.4%. Therefore the rest of the analysis for mass flow rate at full scale will 

use the 97
th

 percentile as the top percentile value.  

4.4 Measurements at spill edge 

 

As mentioned in section 2.1.2, Harrison‟s correlation requires measurements to be 

taken at the balcony edge for a channelled flow.  The measurements taken at the edge 

of the compartment openings were layer depth ds, mass flow rate at spill edge  ̇  and 

convective heat flow   ̇. Therefore it was necessary to use investigate how well FDS 

can measure these values at full-scale.   

 

4.4.1 Layer height ds 

 

The layer height of the smoke flow at the balcony edge (spill edge) can be measured 

with  two methods. One method is by the temperature slice file method as described in 

section 3.3. The slice file method places a temperature slice file at the edge of the 

balcony. The temperature slice file can be visualized in smokeview to give an 

estimate of the layer height. Another method that can be used to obtain the layer 

height at balcony edge is the by using the “layer height” command of FDS. For this 

method, a plane to measure the layer height of the smoke flow coming out from the 

compartment is specified in FDS. The layer height predicted by the “layer height” 

command can then be obtained by the FDS output file. Both of the methods were used 

and results were compared and shown in the following table.  
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Table 4-7 : Layer height measurements from experiments and simulations  

 

The second column of Table 4-7 shows the results from Harrison‟s 1/10
th

-scale 

experiments. The third column is the experimental results scaled to full-scale 

according to the scaling law.  The layer height estimated from the temperature slice 

profile from simulation is shown in column 4. The layer height obtained from the 

simulation by using the “layer height” command is shown in column 5. Results are 

also shown graphically in Figure 4-11and Figure 4-12 with 5% error bars.  

 

Figure 4-11: Layer height measurements comparisons, at 1.6MW fire size.  
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Figure 4-12 :  Layer height measurements comparisons, at 3.2MW fire size. 

 

Results from simulation, both methods gave good agreements to the experimental 

results. Both results showed that layer height decreases as the opening increases. This 

is caused by the extra space of the opening. Both methods tend to over predict the 

layer height, but the error caused by over prediction is still within reasonable range.  

 

It can be seen from Figure 4-11 to Figure 4-12 that measuring the layer height using 

the “layer height” command method is a better method compared to estimating layer 

height using the temperature slice. The reason is that for layer height predicted using 

the “layer height” command, there is a more distinctive difference for layer height 

across different openings. Compared to the method of estimating layer height from 

temperature slice, there is no judgement call involved in deciding the layer height. 

When estimating layer height from temperature slice, different people might have 

different opinion on where the layer height is when looking at the temperature slice. 

Therefore, prediction for the layer height of the smoke at edge of the balcony will be 

performed by using the “layer height” command of the FDS program. 
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4.4.2 Convective heat flow  ̇  

 

There are also two ways to determine the convective heat flow at the balcony edge.  

The first method is to use the following fundamental equation for convective heat 

flow.  

 

 ̇           ∫         
  

 
                                                                           Equation 4-5 

 

Note that the integration from                                                                            Equation 4-5 is 

only performed at the region of the smoke, which is determined by the layer height of 

the smoke at balcony edge. The layer height was obtained from method described in 

section 4.4.1  

 

The next method was to use the “heat flow” command of FDS. For this method, a 

plane to measure the convective heat flow coming out from the compartment is 

specified in FDS input file. The heat flow predicted by the “heat flow” command can 

then be obtained in the FDS output file. Results for both of the methods are shown in 

the following table 

 

 

Table 4-8 : Convective heat flow from experiments and simulations 
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Similar to Table 4-7, the second column corresponds to 1/10
th

-scale experimental 

results. The third column is the experimental results scaled to full-scale using the 

scaling law. The fourth column is the convective heat flow from simulation, using the 

heat flow command. The fifth column is the convective heat flow from simulation, 

calculated with the fundamental convective heat flow equation. 

 

Figure 4-13: Convective heat release rate measurements comparisons, at 1.6 MW fire size. 

 

 

Figure 4-14: Convective heat release rate measurements comparisons, at 3.2  MW fire size. 

 

Results from Table 4-8 are presented graphically in Figure 4-13 and Figure 4-14 with 

5% error bars. 

 

Results showed that both methods over predicts the results from experiment. 

However, the method by using the equation 4-5 is significantly better compared to the 
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prediction using the heat flow command. The reason the heat flow command over 

predicts the convective heat so much is because it includes the radiative heat flow 

from the fire source. Therefore the fundamental convective heat flow equation method 

will be used to calculate the convective heat flow coming out form the compartment.  

 

4.4.3 Mass flow rate  ̇  

There are two ways to predict the mass flow rate of the spill plume at the balcony 

edge. The first method is to use the mass flow command to specify a mass flow rate 

measuring plane. The size of the measuring plane is determined by the layer height of 

the spill plume. Details of this method were mentioned in section 3.3.  

 

The second method was to use to fundamental mass flow rate equation  

 

 ̇  = ρ x A                                        Equation 4-6 

 

Details of the usage of this method were described in section 3.4. Results from both 

methods are shown in Table 4-9. 

 

 

Table 4-9 :  Mass flow rate measurements from experiments and simulations. 

 



78 

 

Results are also presented graphically in Figure 4-15 and Figure 4-16 with 5% error 

bars. 

 
 
Figure 4-15 : Mass flow rate measurements comparisons, at 1.6 MW fire size. 

 

 
 
Figure 4-16 : Mass flow rate measurements comparisons, at 3.2 MW fire size. 

 

The mass flow rate predictions using the mass flow equation has poor prediction at 2 

m openings. Other than that, the results from both methods are quite similar but the 

calculation using mass flow command having better result. Therefore the method 
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using mass flow command will be use to predict the mass flow rate of the spill plume 

at balcony edge.  

To improve the correlation developed by Harrison, the mass flow rate of the spill 

plume will be obtained at different balcony projections (Refer section 2.2.4). 

Therefore the measurements at spill edge will also need to be acquired at different 

balcony projection.  

 

However, there should be not much difference for the readings at balcony spill edge 

across difference balcony projections. To verify this assumption, the same process in 

this section was performed at balcony breadth of 5 m and results are shown in the 

following table.  

 

Table 4-10 :  Measurements at spill edge for different balcony projections 

 

Results showed that the difference in measurements at spill edge between balcony 

breadth b=3 m and balcony breadth b=5 m is not significant. Therefore the same 

measurements at spill edge will be used over the range of balcony projections. 

 

4.5 Effective width correlations 

 

With all the data available, the same correlation method (refer to section 2.1.2) 

performed by Harrison (2009) was used to compare the results between correlation 

from experimental results and correlation results from simulations. Results are shown 

in Figure 4-17. 
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Figure 4-17  : Correlation of effective width with results from experiment and results from 

simulation 

 

Figure 4-17 showed that the effective width of the unchannelled spill plume predicted 

by the simulation is slightly lower than the compared to the effective width calculated 

from experimental results. However there is still good agreement between the 

correlation from simulation and correlation from experiment. Both results showed a 

powered law correlation where the effect width increases as the width of the opening 

decreases. There is a slight difference between the correlation values from both 

results. The results from this section showed that FDS can be used to simulate the 

entrainment of unchannelled spill plume. However, since this correlation was based 

on mass flow rate readings where the balcony breadth is fixed, the following section 

will aim to obtain mass flow rate readings with different balcony breadth and extend 

this correlation. 
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5 FULL-SCALE UNCHANNELLED SPILL PLUME 

SIMULATIONS  

With the FDS model scaled up to full-scale, the simulations in section 4.3 were 

repeated for different balcony breadths to examine the effect of varying balcony 

breadths on the entrainment (refer section 2.2.4).  In this section, analysis will also be 

performed to extend the correlation of effective width suggested by Harrison. 

5.1 Mass flow rate results for unchannelled spill plume for 
different balcony breadths.  

 

Results from Table 5-1 to Table 5-3 show the mass flow rate obtained at certain fire 

size, compartment opening and height of rise of plume. Simulations were performed 

over the following variables: 

Fire size: 1.6 MW 3.2 MW 

Compartment opening:  2 m, 4 m, 6 m, 8 m,10 m 

Height of rise of the plume: 3 m, 5 m \, 7 m, 9 m 

Balcony breadth: 2 m, 3 m, 4 m, 5 m 

 

The critical velocity at which the mass flow rate is calculated (refer to section 1.1) is 

also shown in the table. 

 

Balcony breadth = 2 m 

 

 
Table 5-1 : Mass flow rate readings for simulation of balcony breadth = 2 
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Balcony breadth = 4 m 

 

 
 

Table 5-2 : mass flow rate readings for simulation of balcony breadth = 3 

 

Balcony breadth = 5 m 

 

 
Table 5-3: mass flow rate readings for simulation of balcony breadth = 5 
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With the data from these tables, the effect of varying balcony breadth on the mass 

flow rate of the spill plume can be examined with data from Table 5-1 to Table 5-3. 

An opening width of 4 m was chosen to investigate the effect of varying balcony 

breadth on the mass flow rate of unchannelled balcony spill plume.  The data are plot 

with varying fire size, height of rise and balcony breadth and the results were shown 

in Figure 5-1. 

 

 
 

Figure 5-1 : Effect of varying balcony breadth on mass flow rate of the spill plume, at constant 

                     Opening width of 4m 

   

Results from Figure 5-1 showed that a longer balcony breadth corresponds to a higher 

mass flow rate value. At a fixed height of rise, fire size and opening, the results from 

Figure 5-1 clearly showed that mass flow rate of the spill plume increases as the 

balcony breadth increases. The increase of mass flow rate is more distinct at higher 

height of rise. This indicates that balcony breadth is an important factor in the mass 

flow rate of unchannelled balcony spill plume.  
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5.2 Effective width correlation with different balcony 
breadths 

 

 
 
Figure 5-2 : Correlation of effective width with different balcony breadths 

 

The unhannelled mass flow rate readings from all balcony breadths available and the 

readings of channelled flow from section 4.4 were substituted into Equation 2-4, and 

solve for We, which is also the effective width, for the unchannelled balcony spill 

plume.  

 

The effective width was again correlated the same way as performed by 

Harrison(2009), with We/Wo (effective width/ compartment opening) on Y axis and 

Wo/b (compartment opening/balcony breadth) on X axis. The results are shown in 

Figure 5-2. 

 

Results from Figure 5-2 showed that as the balcony breadth increases, the entrainment 

coefficient We also increases. The scatter of the data for all curves increases as the 

width of the opening Wo decreases. There is also more scatter of data for longer 

balcony breadths compared to shorter balcony breadths. There is a small problem 

associated with this graph when the scale of the Y axis is reduced.  
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Figure 5-3: Correlation of We with the y axis scale reduced 

 

Figure 5-3 showed that there are some set of data points where the ratio of We/Wo is 

less than 1. This is not reasonable because the ratio of We/Wo for unchannelled flow 

should always be more than 1 due to the extra entrainment of lateral spread as the 

smoke flow travels underneath the balcony. It was found out that possible reason that 

causes this error is the contribution of simulation error of the variables in  Equation 2-

4. From section 4.4, it can be seen that there is an error caused by each variable 

predicted by the simulation. These variables include the mass flow rate at spill edge 

 ̇  , convective heat flow at spill edge  ̇  , and layer height ds layer height at spill 

edge . When these variables are used to calculate effective width using Equation 2-4, 

the error from these variables will sum up and contribute to the error. 

 

To solve this problem, all measurements at the balcony edge, which includes the mass 

flow rate   ̇  , convective heat flow  ̇  , and layer height ds were taken from 

experimental measurement instead of simulation results (Refer to section 4.4). This 

reduces the simulation error causes by these variables. Results from section 4.4 

showed that despite some simulation error, the difference between simulation values 

and experimental values are not that great. Also, it can be assumed that these 

measurements will have no big difference when the balcony breadth is varied. This 
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was also assumed by Tan (2009) in his analysis. Results using experimental values for 

readings at balcony edge are shown in Figure 5-4. 

 
 

Figure 5-4: Correlation of We, with measurement at balcony edge replaced by values from 

experimental results.  

 

Results from Figure 5-4 show that after the modifications, all readings at b=3 have the 

ratio We/Wo more than or equal to 1. However, there are still points on b=2 with ratio 

of We/Wo less than 1 despite modifications made. This might be caused by FDS under 

predicting the entrainment for short balcony breadths. Unfortunately no further 

modifications can be made on this until there are experiments performed at balcony 

breadths b = 2 m. Therefore the following analysis is performed on balcony breadths 

of b=3 m, b=4 m, and b=5 m.  

 

With measurements at balcony edge (  ̇ ,  ̇ , ds ) taken from experiment 

measurements, and plotting We/Wo   against Wo/b , results are shown in Figure 5-5. 
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Figure 5-5 :  We correlation for balcony breadth b= 3, 4 , 5 

 

The We correlation shown in Figure 5-5 still has the same problem as the correlation 

shown by Harrison. The scatter of data increases as the width of the opening gets 

smaller.  This suggests that the correlation requires some improvement so that the 

effective width will not be that scattered.   

 

From the literature review (Section 2.1.1), Law showed that the effective width of an 

unchannelled spill plume can be approximated by Wo + b . This indicates that the term 

(Wo + b) is a useful term in an unchannelled flow.  It is also shown in Figure 5-1 that 

the balcony balcony breadth is an important factor affecting the mass flow rate of 

unchannelled spill plume.  So,  instead of using We/Wo on the y axis, the y axis was 

revised as       We /( Wo + b).  The revised correlation is shown in the following Figure 

5-1.  
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Figure 5-6 : Revised We correlation. 

 

Figure 5-6 showed that when law‟s concept is applied in collapsing the data, the 

scatter of the data in this power law correlation was reduced At first glance the 

reduction of scatter might not be clear. If the scale of the y axis was examined 

carefully, it has been reduced from 24 (Figure 5-6) to 8 (Figure 5-5). The scatter of 

data at narrow openings is significantly decreased. However the scatter of data at 

wider opening is not much improved. This is not a problem because the scatter at data 

at wide openings was not really large to start with. So overall, the correlation of data 

is improved. From the curve, there is a possibility that including data at b=2 m is not 

going to affect the final correlation. Therefore, Figure 5-6 was plotted again with data 

at b=2 m included this time. Results are shown in Figure 5-7. 

 

Figure 5-7 Revised We correlation, with data at b=2 m included 
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It can be deduced from Figure 5-7 that including data at b=2 m does not really affect 

the overall correlation of the power law curve because there is not much difference to 

the numerical correlation in Figure 5-6 and Figure 5-7.  

 

From the correlation, the equation can be written as follows,  

 

  

    
    (

  

 
)
    

 

  

 

        (
  

 
)
    

                           Equation 5-1 

 

 

5.3 Performance of the revised effective width correlation 

 

The revised correlation was used to predict the effective width We against the 

effective width obtained from experiment experimental value by Harrison (2009).  

The effective width from experiment was calculated by solving. The correlation was 

also compared with correlations suggested by Harrison (2009) and Law(1995). 

Results are shown in Table 5-4. 
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Table 5-4 : Comparison of effective width We correlations.  

 

Results from Table 5-4 show that Harrison‟s correlation for effective width has 

relatively poor predictions at Wo = 1 m and Wo = 0.2 m with average error of 36% and 

41% respectively. Harrison‟s correlation gives good prediction for opening width 

from 0.4m to 0.8m, with average error of prediction around 20%.  

 

Law‟s correlation of effective width performs well for medium to wide openings. 

However the correlation does not work very well for narrow openings, 0.2m and 

0.4m.  
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The revised correlation from this work performs well for most of the openings. From 

the table, it seems that the worst prediction tends to occur at higher height of rise z of 

the spill plume    

 

Results are also shown graphically in Figure 5-8 to Figure 5-16. 

 

 

Figure 5-8 : Comparison of different effective width correlation at Wo =0.2m 

 

 
Figure 5-9 : Comparison of different effective width correlation at Wo =0.4m 
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Figure 5-10 : Comparison of different effective width correlation at Wo =0.6m 

 

 
Figure 5-11 : Comparison of different effective width correlation at Wo =0.8m 
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Figure 5-12 : Comparison of different effective width correlation at Wo =1.0 m 

 

 

To further test the performance of this revised We correlation, the revised We 

correlation was used to calculate the mass flow rate of the spill plume, using Equation 

2-4. The calculated mass flow rate was used to compare against the mass flow rate 

from experiments performed by Harrison (2009). The same process was also repeated 

for We calculated from Harrisons (refer to section 2.1.2 ) correlation and We calculated 

from  Law‟s correlation (refer to section 2.1.1).  

                                                                    

To calculate mass flow rate using Equation 2-4, Wo and zs can be determined from the 

experimental conditions. As shown in Equation 2-4, the mass flow rate equation 

requires the  ̇  ,    ,  ̇  to be calculated . All of the three variables are calculated by 

the methods recommended by Harrison (2009). The convective heat of the fire source 

can be calculated by the following assumptions Klote and Milke (2002) 

 

   ̇      ̇                                         Equation 5-2 

 

The layer leight of the spill plume at spill edge    , can be caclulated by the following 

equation suggested by Morgan et al (1999) 

 

 

       
    

  
[

 ̇  ̅ 

 ̅ 
       

   ]

 
 ⁄

                                           Equation 5-3 
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Hansell et al (1993) suggested an alternative simplified version of  Equation 5-3, 

which has the following format  

 

       
 

  
*
 ̇ 

   
+
 

 ⁄                                             Equation 5-4 

 

Morgan et al (1999) suggested Cd  value of  1.0 for flows with a flat ceiling at the spill 

edge.  

 

The mass flow rate of the spill plume at spill edge of the compartment  ̇  is 

calculated by the following equation 

 

   ̇       ̇ 
   

 ̇ 
    

 hs                                                                                                                Equation 5-5 

 

 

With equation 5-1 to equation 5-5 and equation 2-4, the mass flow rate of 

unchannelled balcony spill plumes was calculated using the revised effective width 

correlations, Harrison‟s effective width correlation and Law‟s effective width 

correlation. The results were compared against the experimental values and shown in 

Table 5-5. 
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Table 5-5 :  Mass flow rate comparisons using different methods of We correlation 
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Results are shown graphically in Figure 5-13 to Figure 5-17. 

 

 

 

Wo = 0.2 m  

 
 

Figure 5-13: Mass flow rate comparisons using different methods of We correlation (at Wo = 0.2 

m) 

 

 

Wo = 0.4 m  

 
 

 
Figure 5-14: Mass flow rate comparisons using different methods of We correlation (at Wo = 0.4 

m 
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Wo = 0.6 m  

 
 

Figure 5-15: Mass flow rate comparisons using different methods of We correlation (at Wo = 0.6 

m) 

 

 

Wo = 0.8 m  

 
 

 
Figure 5-16: Mass flow rate comparisons using different methods of We correlation (at Wo =0. 8 

m) 
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Wo = 1.0 m  

 
 
Figure 5-17 : Mass flow rate comparisons using different methods of We correlation (at Wo = 

1.0m) 

 

At narrow compartment openings (Wo = 0.2 m), Figure 5-13 shows that the mass flow 

rate  prediction with We correlation from Law and Harrison generally under predicts 

the experimental mfr. The  mass flow rate prediction with revised We correlation has 

good agreement with the experimental mass flow rate.  There are two over 

conservative predictions, particularly at higher height of rise of the spill plume zs. 

 

At Wo = 0.4 m, Figure 5-10 shows that the mfr predictions with We correlation under 

predicts the experimental mass flow rate.   The mass flow rate predictions with We 

correlation from law and revised We correlation has similar performance.  

 

At Wo  = 0.6 m, Figure 5-11 shows that all of the We correlations shows good mass 

flow rate predictions.  The  mass flow rate  predictions with Harrisons We correlation 

have the most conservative prediction in this case.  

 

At Wo = 0.8 m and = 1.0 m (FFigure 5-12 and Figure 5-17 respectively), the mass 

flow rate predictions with revised We correlation provide agreement with 

experimental value.  The mass flow rate  prediction with We correlation from Law and 

Harrison has conservative mfr predictions. 
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Results from Figure 5-9 to Figure 5-17 showed that the mass flow rate predictions 

using revised We shows improved mass flow rate prediction compared to other two 

methods. This is especially obvious at narrow compartment opening Wo of 0.2 m and 

0.4 m. The revised We correlation does have a drawback that it provides over 

conservative predictions in some cases where height of rise of the spill plume zs is 

high, this is shown in the highlighted row in Table 5-5. 
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6 CONCLUSIONS AND FURTHER WORK 
 

A grid size of 20 mm at 1/10
th

-scale was found to be best suited to model the smoke 

flow coming out from the unchannelled compartment based on the temperature profile 

and mass flow rate readings. This corresponds to 0.2 m of grid size at full-scale.  

 

When measuring the mass flow rate of the spill plume coming out from the 

compartment, the difference between the mass flow rate of an unchannellled flow and 

channelled flow is not significant. It was also found out that the “mass flow” 

command can accurately predict the mass flow rate at compartment opening.  

 

The mass flow rate of the rising spill plume for unchannelled spill plume is hard to 

measure due to the undefined size of the rising spill plume. The percentile method 

was used to predict the mass flow rate resulting in mass flow rate prediction within 

reasonable error. 

 

The scaling law works well in FDS as the 1/10
th

-scale model was scaled up 

successfully in this project. 

 

The measurements taken from the simulation results were determine the revised 

correlation for the effective width We of an unchannelled spill plume. This is an 

improved correlation when compared with We correlations from Law and Harrison.  

The effective width We can be used in Equation 2.4 to calculate the mass flow rate of 

an uhchannelled balcony spill plume.   

      (
  

 
)
    

                                                   Equation 6-1 

 

This correlation is valid for the following range.  

 

 Fire size up to 3.2 MW. 

 Balcony breadth from 3 m to 5 m 

 Height of rise of the plume from 3 m to 9 m 

 Compartment opening from 2 m to 10 m 
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It is suggested that experiments can be performed on unchannelled spill plume for 

different balcony breadths so that the prediction of mass flow rate from this 

simulation can be compared against the experimental mass flow rate from difference 

balcony breadths.  The readings can also be used to compare against the performance 

of equation 2-4 using the revised effective We correlation.  

 

Simulation can also be performed by modelling the exact experimental condition with 

the smoke collecting hood to investigate the performance of entrainment simulation 

between modelling experimental condition as open space and modelling experimental 

condition with smoke collecting hood. 

 

Due to the limited experimental data available, the correlation in this work was 

limited to fire size up to 3.2 MW. It is recommended to investigate the effect of the 

fire size on the correlation so that the application of the correlation can be extended to 

higher value of heat release rates.   
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8 APPENDIX  

8.1  FDS code (Full-Scale Experiment) 

 

&DUMP DT_RESTART=20/ 

&HEAD CHID='Trial1 25mm, 0.6 opening,5kW',TITLE='Trial1 25mm, 0.6 opening, 

5kW' / 

&MESH IJK=100,120,64,XB=0.0,2.0,-0.2,2.2,0.0,1.3/ 

&TIME TWFIN=1000. / 

 

&MATL ID='CFI board' 

 CONDUCTIVITY =0.041 

 SPECIFIC_HEAT =0.82 

 DENSITY  =250./  

  

&SURF ID='CFI walls' 

 MATL_ID  ='CFI board' 

 COLOR  ='BRICK' 

 TRANSPARENCY =0.4 

 BACKING  ='VOID' 

 THICKNESS =0.016 /  wall properties 

 

&MISC SURF_DEFAULT='CFI walls' / default wall property set to CFI board 

&MISC RESTART=.TRUE./ 

REAC ID='Ethanol' 

 C =2 

 H =6 

 O =1 

 HEAT_OF_COMBUSTION=26800/ Ethanol properties 

 

******BURNER***** 

 

&SURF ID='BURNER',HRRPUA=527,COLOR='RED'/ 

&OBST XB= 

0.2,0.3,0.95,1.05,0,0.025,SURF_ID6='INERT','INERT','INERT','INERT','INERT','B

URNER' / peak HRR = HRRPUA x top surface/ 5kW 

OBST XB= 

0.18,0.32,0.93,1.07,0,0.025,SURF_ID6='INERT','INERT','INERT','INERT','INERT','

BURNER' / peak HRR = HRRPUA x top surface 10kW 

&RADI RADIATIVE_FRACTION=0.20/ 

 

****Compartment****** 

&OBST XB=0.0,1.0,0.475,0.5,0.0,0.5/ down wall 

&OBST XB=0.0,1.0,1.5,1.525,0.0,0.5/ upper wall 

&OBST XB=0.0,0.025,0.475,1.525,0.0,0.5/inner wall 

&OBST XB=0.0,1.0,0.475,1.525,0.5,0.525/ ceiling 

&OBST XB=1.0,1.3,0.0,2.0,0.5,0.525/balcony 

&DEVC XB=1.3,1.3,0.0,2.0,0.0,0.5, QUANTITY='MASS FLOW +', ID='+mass 

flow rate from compartment opening'/ 
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&DEVC XB=1.3,1.3,0.0,2.0,0.0,0.5, QUANTITY='MASS FLOW -', ID='-mass flow 

rate from compartment opening'/ 

OBST XB=1.3,1.3,0.0,2.0,0.0,0.5, RGB=34,139,34/ check mass flow location 

 

*****Cover**** 

&OBST XB=0.975,1.0,0.0,0.5,0.2,0.525/ cover lhs 

&OBST XB=0.975,1.0,1.5,2.0,0.2,0.525/ cover RHS 

 

**** mass flow*** 

OBST XB=1.3,1.58,0.5,1.5,0.52,0.52/ 

DEVC XB=1.3,1.58,0.5,1.5,0.52,0.52, QUANTITY='MASS FLOW +', ID='+mass 

flow rate from compartment opening mid'/ 

DEVC XB=1.3,1.4,1.5,2.0,0.52,0.52, QUANTITY='MASS FLOW +', ID='+mass 

flow rate from compartment opening left'/ 

DEVC XB=1.3,1.4,0.0,0.5,0.52,0.52, QUANTITY='MASS FLOW +', ID='+mass 

flow rate from compartment opening right'/ 

DEVC XB=1.3,1.58,0.5,1.5,0.52,0.52, QUANTITY='MASS FLOW -', ID='+mass 

flow rate from compartment opening mid'/ 

DEVC XB=1.3,1.4,1.5,2.0,0.52,0.52, QUANTITY='MASS FLOW -', ID='+mass flow 

rate from compartment opening left'/ 

DEVC XB=1.3,1.4,0.0,0.5,0.52,0.52, QUANTITY='MASS FLOW -', ID='+mass flow 

rate from compartment opening right'/ 

&DEVC XB=1.42,1.89,0.36,1.62,0.8,0.8,QUANTITY='MASS FLOW +', ID='plus 

mass at middle'/ 

OBST XB=1.42,1.89,0.36,1.62,0.8,0.8/ 

&DEVC XB=1.3,1.5,1.62,2.0,0.8,0.8,QUANTITY='MASS FLOW +', ID='plus mass 

at LEFT'/ 

OBST XB=1.3,1.5,1.62,2.0,0.8,0.9/ 

&DEVC XB=1.3,1.5,0.0,0.36,0.8,0.8,QUANTITY='MASS FLOW +', ID='plus mass 

at RIGHT'/  

OBST XB=1.3,1.5,0.0,0.36,0.8,0.9/ 

&DEVC XB=1.3,2.0,0.0,2.0,0.8,0.8,QUANTITY='MASS FLOW +', ID='plus mass at 

whole plane0.8'/ 

OBST XB=1.3,2.0,0.0,2.0,0.8,0.9/ 

&DEVC XB=1.3,2.0,0.0,2.0,1.0,1.0,QUANTITY='MASS FLOW +', ID='plus mass at 

whole plane1.0'/ 

 

 

***** Width Opening Cover, with mass flow rate measurement, last command no 

need open****** 

**1.0m opening** 

DEVC XB=1.0,1.0,0.5,1.5,0.0,0.5, QUANTITY='MASS FLOW +', ID='+mass flow 

rate from compartment opening'/ 

DEVC XB=1.0,1.0,0.5,1.5,0.0,0.5, QUANTITY='MASS FLOW -', ID='-mass flow 

rate from compartment opening'/ 

OBST  XB=1.0,1.0,0.5,1.5,0.0,0.5, RGB=34,139,34/ check mass flow location 

 

**0.8m opening** 

OBST XB=0.975,1.0,0.5,0.6,0.0,0.5/ width screen  for 0.8m opening, ie 0.1 width 

each side   1-0.2 
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OBST XB=0.975,1.0,1.4,1.5,0.0,0.5/width screen for 0.8m opening, ie 0.1 width each 

side  1-0.2 

DEVC XB=1.0,1.0,0.6,1.4,0.0,0.5, QUANTITY='MASS FLOW +', ID='+mass flow 

rate from compartment opening'/ 

DEVC XB=1.0,1.0,0.6,1.4,0.0,0.5, QUANTITY='MASS FLOW -', ID='-mass flow 

rate from compartment opening'/ 

OBST  XB=1.0,1.0,0.6,1.4,0.0,0.5, RGB=34,139,34/ check mass flow location 

 

**0.6m opening** 

&OBST XB=0.975,1.0,0.5,0.7,0.0,0.5/ width screen  for 0.6m opening, ie 0.2 width 

each side 1-0.4 

&OBST XB=0.975,1.0,1.3,1.5,0.0,0.5/width screen for 0.6m opening, ie 0.2 width 

each side 1-0.4 

DEVC XB=1.0,1.0,0.7,1.3,0.0,0.5, QUANTITY='MASS FLOW +', ID='+mass flow 

rate from compartment opening'/ 

DEVC XB=1.0,1.0,0.7,1.3,0.0,0.5, QUANTITY='MASS FLOW -', ID='-mass flow 

rate from compartment opening'/ 

OBST  XB=1.0,1.0,0.7,1.3,0.0,0.5, RGB=34,139,34/ check mass flow location 

 

**0.4m opening** 

OBST XB=0.975,1.0,0.5,0.8,0.0,0.5/ width screen  for 0.4m opening, ie 0.3 width 

each side 1-0.6 

OBST XB=0.975,1.0,1.2,1.5,0.0,0.5/width screen for 0.4m opening, ie 0.3 width each 

side 1-0.6 

DEVC XB=1.0,1.0,0.8,1.2,0.0,0.5, QUANTITY='MASS FLOW +', ID='+mass flow 

rate from compartment opening'/ 

DEVC XB=1.0,1.0,0.8,1.2,0.0,0.5, QUANTITY='MASS FLOW -', ID='-mass flow 

rate from compartment opening'/ 

OBST  XB=1.0,1.0,0.8,1.2,0.0,0.5, RGB=34,139,34/ check mass flow location 

 

**0.2m opening** 

OBST XB=0.975,1.0,0.5,0.9,0.0,0.5/ width screen  for 0.2m opening, ie 0.4 width 

each side 1-0.8 

OBST XB=0.975,1.0,1.1,1.5,0.0,0.5/width screen for 0.2m opening, ie 0.4 width each 

side 1-0.8 

DEVC XB=1.0,1.0,0.9,1.1,0.0,0.5, QUANTITY='MASS FLOW +', ID='+mass flow 

rate from compartment opening'/ 

DEVC XB=1.0,1.0,0.9,1.1,0.0,0.5, QUANTITY='MASS FLOW -', ID='-mass flow 

rate from compartment opening'/ 

OBST XB=1.0,1.0,0.9,1.1,0.0,0.5, RGB=34,139,34/ check mass flow location 

 

 

****Boundary Conditions***** 

 

&VENT MB='XMIN' , SURF_ID='OPEN' /Open domain boundary 

&VENT MB='XMAX' , SURF_ID='OPEN' /Open domain boundary 

&VENT MB='YMIN' , SURF_ID='OPEN' /Open domain boundary 

&VENT MB='YMAX' , SURF_ID='OPEN' /Open domain boundary 

&VENT MB='ZMAX' , SURF_ID='OPEN' /Open domain boundary 
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***Temperature slice files**** 

&SLCF PBY= 1.0,QUANTITY='TEMPERATURE'/ slice perpendicular to balcony 

&SLCF PBX= 1.3,QUANTITY='TEMPERATURE'/ slice parallel to balcony 

&SLCF PBZ=0.5,QUANTITY='TEMPERATURE'/Slice for mfr 

&SLCF PBZ=0.525,QUANTITY='TEMPERATURE'/Slice for mfr 

&SLCF PBZ=0.525,QUANTITY='VELOCITY'/Slice for mfr 

&SLCF PBZ=0.525,QUANTITY='W-VELOCITY'/Slice for mfr 

&SLCF PBZ=0.8,QUANTITY='TEMPERATURE'/Slice for mfr 

&SLCF PBZ=0.8,QUANTITY='VELOCITY'/Slice for mfr 

&SLCF PBZ=0.8,QUANTITY='W-VELOCITY'/Slice for mfr 

&SLCF PBZ=1.0,QUANTITY='TEMPERATURE'/Slice for mfr 

&SLCF PBZ=1.0,QUANTITY='VELOCITY'/Slice for mfr 

&SLCF PBZ=1.0,QUANTITY='W-VELOCITY'/Slice for mfr 

&SLCF PBZ=1.2,QUANTITY='TEMPERATURE'/Slice for mfr 

&SLCF PBZ=1.2,QUANTITY='VELOCITY'/Slice for mfr 

&SLCF PBZ=1.2,QUANTITY='W-VELOCITY'/Slice for mfr 

 

 

 

 

 

 

****thermocouple locations******* 

 

*** Array A 10mm below balcony**** 

&DEVC XYZ=1.3,0.2,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.2 

from edge,92'/  

&DEVC XYZ=1.3,0.3,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.3 

from edge,92'/ 

&DEVC XYZ=1.3,0.4,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.4 

from edge,92'/ 

&DEVC XYZ=1.3,0.51,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.51 

from edge,49'/ 

&DEVC XYZ=1.3,0.61,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.61 

from edge,50'/ 

&DEVC XYZ=1.3,0.71,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.71 

from edge,51'/ 

&DEVC XYZ=1.3,0.75,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.75 

from edge,52'/ 

&DEVC XYZ=1.3,0.8,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.8 

from edge,53'/ 

&DEVC XYZ=1.3,0.81,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.81 

from edge,54'/ 

&DEVC XYZ=1.3,0.85,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.85 

from edge,55'/ 

&DEVC XYZ=1.3,0.9,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.9 

from edge,56'/ 

&DEVC XYZ=1.3,0.91,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.91 

from edge,57'/ 
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&DEVC XYZ=1.3,0.95,0.49, QUANTITY='TEMPERATURE', ID =' Array A,0.95 

from edge,58'/ 

&DEVC XYZ=1.3,1.0,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.0 

from edge,59'/ 

&DEVC XYZ=1.3,1.05,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.05 

from edge,60'/ 

&DEVC XYZ=1.3,1.09,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.09 

from edge,61'/ 

&DEVC XYZ=1.3,1.1,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.1 

from edge,62'/ 

&DEVC XYZ=1.3,1.15,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.15 

from edge,63'/ 

&DEVC XYZ=1.3,1.19,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.19 

from edge,64'/ 

&DEVC XYZ=1.3,1.2,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.2 

from edge,65'/ 

&DEVC XYZ=1.3,1.25,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.25 

from edge,66'/ 

&DEVC XYZ=1.3,1.29,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.29 

from edge,67'/ 

&DEVC XYZ=1.3,1.39,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.39 

from edge,68'/ 

&DEVC XYZ=1.3,1.49,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.49 

from edge,69'/ 

&DEVC XYZ=1.3,1.59,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.59 

from edge,69'/ 

&DEVC XYZ=1.3,1.69,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.69 

from edge,69'/ 

&DEVC XYZ=1.3,1.8,0.49, QUANTITY='TEMPERATURE', ID =' Array A,1.8 

from edge,93'/ 

 

 

*** Array A 10mm below balcony thermocouple**** 

&DEVC XYZ=1.3,0.3,0.49 QUANTITY='THERMOCOUPLE', ID =' Array A,0.3 

from edge,add'/  

&DEVC XYZ=1.3,0.4,0.49 QUANTITY='THERMOCOUPLE', ID =' Array A,0.4 

from edge,add'/ 

&DEVC XYZ=1.3,1.6,0.49 QUANTITY='THERMOCOUPLE', ID =' Array A,1.6 

from edge,add'/ 

&DEVC XYZ=1.3,1.7,0.49 QUANTITY='THERMOCOUPLE', ID =' Array A,1.7 

from edge,add'/ 

&DEVC XYZ=1.3,0.2,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.2 

from edge,92'/  

&DEVC XYZ=1.3,0.3,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.3 

from edge,92'/ 

&DEVC XYZ=1.3,0.4,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.4 

from edge,92'/ 

&DEVC XYZ=1.3,0.51,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.51 

from edge,49'/ 
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&DEVC XYZ=1.3,0.61,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.61 

from edge,50'/ 

&DEVC XYZ=1.3,0.71,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.71 

from edge,51'/ 

&DEVC XYZ=1.3,0.75,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.75 

from edge,52'/ 

&DEVC XYZ=1.3,0.8,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.8 

from edge,53'/ 

&DEVC XYZ=1.3,0.81,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.81 

from edge,54'/ 

&DEVC XYZ=1.3,0.85,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.85 

from edge,55'/ 

&DEVC XYZ=1.3,0.9,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.9 

from edge,56'/ 

&DEVC XYZ=1.3,0.91,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.91 

from edge,57'/ 

&DEVC XYZ=1.3,0.95,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,0.95 

from edge,58'/ 

&DEVC XYZ=1.3,1.0,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.0 

from edge,59'/ 

&DEVC XYZ=1.3,1.05,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.05 

from edge,60'/ 

&DEVC XYZ=1.3,1.09,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.09 

from edge,61'/ 

&DEVC XYZ=1.3,1.1,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.1 

from edge,62'/ 

&DEVC XYZ=1.3,1.15,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.15 

from edge,63'/ 

&DEVC XYZ=1.3,1.19,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.19 

from edge,64'/ 

&DEVC XYZ=1.3,1.2,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.2 

from edge,65'/ 

&DEVC XYZ=1.3,1.25,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.25 

from edge,66'/ 

&DEVC XYZ=1.3,1.29,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.29 

from edge,67'/ 

&DEVC XYZ=1.3,1.39,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.39 

from edge,68'/ 

&DEVC XYZ=1.3,1.49,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.49 

from edge,69'/ 

&DEVC XYZ=1.3,1.59,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.59 

from edge,69'/ 

&DEVC XYZ=1.3,1.69,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.69 

from edge,69'/ 

&DEVC XYZ=1.3,1.8,0.49, QUANTITY='THERMOCOUPLE', ID =' Array A,1.8 

from edge,93'/ 

 

&DEVC XYZ=1.3,0.3,0.49 QUANTITY='TEMPERATURE', ID =' Array A,0.3 from 

edge,add'/  
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&DEVC XYZ=1.3,0.4,0.49 QUANTITY='TEMPERATURE', ID =' Array A,0.4 from 

edge,add'/ 

&DEVC XYZ=1.3,1.6,0.49 QUANTITY='TEMPERATURE', ID =' Array A,1.6 from 

edge,add'/ 

&DEVC XYZ=1.3,1.7,0.49 QUANTITY='TEMPERATURE', ID =' Array A,1.7 from 

edge,add'/ 

 

*** Array A 20mm below balcony, maybe get better match at this height**** 

&DEVC XYZ=1.3,0.2,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),0.2 

from edge,92'/  

&DEVC XYZ=1.3,0.51,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.51 from edge,49'/ 

&DEVC XYZ=1.3,0.61,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.61 from edge,50'/ 

&DEVC XYZ=1.3,0.71,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.71 from edge,51'/ 

&DEVC XYZ=1.3,0.75,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.75 from edge,52'/ 

&DEVC XYZ=1.3,0.8,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),0.8 

from edge,53'/ 

&DEVC XYZ=1.3,0.81,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.81 from edge,54'/ 

&DEVC XYZ=1.3,0.85,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.85 from edge,55'/ 

&DEVC XYZ=1.3,0.9,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),0.9 

from edge,56'/ 

&DEVC XYZ=1.3,0.91,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.91 from edge,57'/ 

&DEVC XYZ=1.3,0.95,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),0.95 from edge,58'/ 

&DEVC XYZ=1.3,1.0,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),1.0 

from edge,59'/ 

&DEVC XYZ=1.3,1.05,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.05 from edge,60'/ 

&DEVC XYZ=1.3,1.09,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.09 from edge,61'/ 

&DEVC XYZ=1.3,1.1,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),1.1 

from edge,62'/ 

&DEVC XYZ=1.3,1.15,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.15 from edge,63'/ 

&DEVC XYZ=1.3,1.19,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.19 from edge,64'/ 

&DEVC XYZ=1.3,1.2,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),1.2 

from edge,65'/ 

&DEVC XYZ=1.3,1.25,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.25 from edge,66'/ 

&DEVC XYZ=1.3,1.29,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.29 from edge,67'/ 

&DEVC XYZ=1.3,1.39,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.39 from edge,68'/ 
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&DEVC XYZ=1.3,1.49,0.48 QUANTITY='TEMPERATURE', ID =' Array 

A(48),1.49 from edge,69'/ 

&DEVC XYZ=1.3,1.8,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),1.8 

from edge,93'/ 

 

&DEVC XYZ=1.3,0.3,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),0.3 

from edge,add'/  

&DEVC XYZ=1.3,0.4,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),0.4 

from edge,add'/ 

&DEVC XYZ=1.3,1.6,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),1.6 

from edge,add'/ 

&DEVC XYZ=1.3,1.7,0.48 QUANTITY='TEMPERATURE', ID =' Array A(48),1.7 

from edge,add'/ 

 

 

 

*********Column C************** 

&DEVC XYZ=1.3,1.0,0.49, QUANTITY='TEMPERATURE', ID =' Column C 

,0.01m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.48, QUANTITY='TEMPERATURE', ID =' Column C 

,0.02m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.47, QUANTITY='TEMPERATURE', ID =' Column C 

,0.03m below spill edge,32'/ 

&DEVC XYZ=1.3,1.0,0.46, QUANTITY='TEMPERATURE', ID =' Column C 

,0.04m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.45, QUANTITY='TEMPERATURE', ID =' Column C 

,0.05m below spill edge,33'/ 

&DEVC XYZ=1.3,1.0,0.44, QUANTITY='TEMPERATURE', ID =' Column C 

,0.06m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.43, QUANTITY='TEMPERATURE', ID =' Column C 

,0.07m below spill edge,34'/ 

&DEVC XYZ=1.3,1.0,0.42, QUANTITY='TEMPERATURE', ID =' Column C 

,0.08m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.41, QUANTITY='TEMPERATURE', ID =' Column C 

,0.09m below spill edge,35'/ 

&DEVC XYZ=1.3,1.0,0.40, QUANTITY='TEMPERATURE', ID =' Column C 

,0.10m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.39, QUANTITY='TEMPERATURE', ID =' Column C 

,0.11m below spill edge,36'/ 

&DEVC XYZ=1.3,1.0,0.38, QUANTITY='TEMPERATURE', ID =' Column C 

,0.12m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.37, QUANTITY='TEMPERATURE', ID =' Column C 

,0.13m below spill edge,37'/ 

&DEVC XYZ=1.3,1.0,0.36, QUANTITY='TEMPERATURE', ID =' Column C 

,0.14m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.35, QUANTITY='TEMPERATURE', ID =' Column C 

,0.15m below spill edge,38'/ 

&DEVC XYZ=1.3,1.0,0.34, QUANTITY='TEMPERATURE', ID =' Column C 

,0.16m below spill edge,38'/ 
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&DEVC XYZ=1.3,1.0,0.33, QUANTITY='TEMPERATURE', ID =' Column C 

,0.17m below spill edge,39'/ 

&DEVC XYZ=1.3,1.0,0.32, QUANTITY='TEMPERATURE', ID =' Column C 

,0.18m below spill edge,38'/ 

&DEVC XYZ=1.3,1.0,0.31, QUANTITY='TEMPERATURE', ID =' Column C 

,0.19m below spill edge,40'/ 

&DEVC XYZ=1.3,1.0,0.30, QUANTITY='TEMPERATURE', ID =' Column C 

,0.20m below spill edge,38'/ 

&DEVC XYZ=1.3,1.0,0.29, QUANTITY='TEMPERATURE', ID =' Column C 

,0.21m below spill edge,41'/ 

&DEVC XYZ=1.3,1.0,0.28, QUANTITY='TEMPERATURE', ID =' Column C 

,0.22m below spill edge,41'/ 

&DEVC XYZ=1.3,1.0,0.27, QUANTITY='TEMPERATURE', ID =' Column C 

,0.23m below spill edge,42'/ 

&DEVC XYZ=1.3,1.0,0.26, QUANTITY='TEMPERATURE', ID =' Column C 

,0.24m below spill edge,42'/ 

&DEVC XYZ=1.3,1.0,0.25, QUANTITY='TEMPERATURE', ID =' Column C 

,0.25m below spill edge,43'/ 

&DEVC XYZ=1.3,1.0,0.2, QUANTITY='TEMPERATURE', ID =' Column C ,0.3m 

below spill edge,44'/ 

&DEVC XYZ=1.3,1.0,0.15, QUANTITY='TEMPERATURE', ID =' Column C 

,0.35m below spill edge,45'/ 

&DEVC XYZ=1.3,1.0,0.1, QUANTITY='TEMPERATURE', ID =' Column C ,0.4m 

below spill edge,46'/ 

&DEVC XYZ=1.3,1.0,0.05, QUANTITY='TEMPERATURE', ID =' Column C 

,0.45m below spill edge,47'/ 

&DEVC XYZ=1.3,1.0,0, QUANTITY='TEMPERATURE', ID =' Column C ,0.5m 

below spill edge,48'/ 

 

*****Column C THERMOCOUPLE******* 

&DEVC XYZ=1.3,1.0,0.49, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.01m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.48, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.02m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.47, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.03m below spill edge,32'/ 

&DEVC XYZ=1.3,1.0,0.46, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.04m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.45, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.05m below spill edge,33'/ 

&DEVC XYZ=1.3,1.0,0.44, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.06m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.43, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.07m below spill edge,34'/ 

&DEVC XYZ=1.3,1.0,0.42, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.08m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.41, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.09m below spill edge,35'/ 

&DEVC XYZ=1.3,1.0,0.40, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.10m below spill edge,31'/ 
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&DEVC XYZ=1.3,1.0,0.39, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.11m below spill edge,36'/ 

&DEVC XYZ=1.3,1.0,0.38, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.12m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.37, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.13m below spill edge,37'/ 

&DEVC XYZ=1.3,1.0,0.36, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.14m below spill edge,31'/ 

&DEVC XYZ=1.3,1.0,0.35, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.15m below spill edge,38'/ 

&DEVC XYZ=1.3,1.0,0.34, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.16m below spill edge,38'/ 

&DEVC XYZ=1.3,1.0,0.33, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.17m below spill edge,39'/ 

&DEVC XYZ=1.3,1.0,0.32, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.18m below spill edge,38'/ 

&DEVC XYZ=1.3,1.0,0.31, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.19m below spill edge,40'/ 

&DEVC XYZ=1.3,1.0,0.30, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.20m below spill edge,38'/ 

&DEVC XYZ=1.3,1.0,0.29, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.21m below spill edge,41'/ 

&DEVC XYZ=1.3,1.0,0.28, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.22m below spill edge,41'/ 

&DEVC XYZ=1.3,1.0,0.27, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.23m below spill edge,42'/ 

&DEVC XYZ=1.3,1.0,0.26, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.24m below spill edge,42'/ 

&DEVC XYZ=1.3,1.0,0.25, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.25m below spill edge,43'/ 

&DEVC XYZ=1.3,1.0,0.2, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.3m below spill edge,44'/ 

&DEVC XYZ=1.3,1.0,0.15, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.35m below spill edge,45'/ 

&DEVC XYZ=1.3,1.0,0.1, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.4m below spill edge,46'/ 

&DEVC XYZ=1.3,1.0,0.05, QUANTITY='THERMOCOUPLE', ID =' Column C 

,0.45m below spill edge,47'/ 

&DEVC XYZ=1.3,1.0,0, QUANTITY='THERMOCOUPLE', ID =' Column C ,0.5m 

below spill edge,48'/ 
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8.2 Properties of Kaowool board 

8.2.1 Specific heat  

 

 
 

Assumed as 815 J/ (kg-K) based on temperature range expected at compartment edge  
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8.2.2 Density 

 

 
 

Density of board 1260 assumed as its typical application is for fire protection and 

combustion chamber. 
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8.2.3 Thermal conductivity 

 

 

 

 

 

 

 
0.06 W/mK value selected based on triton properties of Kaowool Triton kawool board 

extrapolated to around 100
o
C, which is the temperature at compartment edge. 
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