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Abstract 

The modeling of fire spread in buildings had been studied for decades. Due to the 

disadvantages of different models, none of previous models can really be used in 

practical applications involving large buildings. In this thesis, modeling of fire spread 

between buildings using Bayesian Network is proposed which can overcome the 

disadvantages of previous models. In practice, a general fire spread network has firstly to 

be built according to the floor plan of a building. Once the compartment of fire origin is 

known, a detailed fire spread model using a directed acyclic graph (DAG) of Bayesian 

network to express the fire spread process from the initial compartment to any destination 

compartment on the floor can be constructed. The probability of fire spread from the 

initial compartment to the destination compartment can be calculated by marginalizing 

the joint probability distribution of the Bayesian network. 

Fire spread in a building is a dynamic process. Therefore, a dynamic fire spread 

model is proposed. The dynamic fire spread model is built on the basic concepts of 

dynamic Bayesian network and the static fire spread model proposed. In this model, the 

algorithms for simulating the fire spread process are developed and corresponding 

computer codes were developed. The probability of fire spread from the compartment of 

fire origin to any other compartment, the time of ignition, time of flashover and time of 

decay in each compartment can be calculated by the computer program. The fire spread 

dynamic model can be easily used in the application of any building including high rise 

buildings. In addition, the formulae calculating the input data for the dynamic fire spread 

model were derived. A user having a very basic knowledge of fire protection engineering 

will find no trouble using it. 

Research on acceptable spatial separations between buildings to prevent fire spread 

between buildings has been conducted for more than 60 years. Several engineering 

methods have been presented. The shortcomings of these engineering methods are that 

there is no detailed description of the background on how the tables or graphs were 
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obtained. There is no universally accepted method and different methods may result in 

different results. 

In this thesis, three basic relationships between window/opening in a fire building and 

a target point on an exposed building are proposed. The numerical methods of calculation 

of the configuration factor from the fire building to an adjacent building are presented 

which are even available for buildings with an irregular distribution of windows, different 

sizes of openings and recessed portions. By letting the maximum configuration factor be 

less than the critical configuration factor, the required minimum separation distance 

between two buildings can be easily calculated. 

Furthermore, twelve full-scale fire experiments were conducted to study the 

emissivity of the external flame and the radiation contribution from the external flame out 

of the window. Based on the theory of post-flashover compartment fires, the calculations 

of configuration factor and experimental results, the model of fire spread from the fire 

building to adjacent buildings by radiation was proposed. The minimum separation 

distance between buildings could be easily found by computer programming by letting 

the maximum radiation heat flux equal to the critical ignition heat flux of combustible 

materials of an adjacent building. 

By combining the dynamic model of fire spread in buildings, an example of the 

calculation of separation distance between buildings as a function of time is presented. 

The results calculated by the two models of fire spread between buildings are compared 

with that required by the National Building Code of Canada (NBCC) 2005. 
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PARTI 
MODELING OF FIRE SPREAD IN BUILDINGS 



2 

Chapter 1 

Introduction to Modeling of Fire Spread in Buildings 

1.1 Motivation 

Fires in buildings pose a significant risk to building occupants and cause property 

damage. Traditionally, prescriptive-based building codes were used in fire safety design 

of buildings. Such codes prescribe in detail what is required for a fire-safe building. 

Because of the limitations inherent in prescriptive-based building codes, such as, not 

being flexible and inhibiting innovation, performance-based building codes are being 

adopted and used in more and more countries. To achieve the goals required by 

performance-based building codes, it is necessary to undertake a fire-risk assessment and 

fire safety evaluation especially for large buildings. Toward this end, CURisk, a fire-risk 

model that evaluates the expected-risk-to-life and fire-cost-expectation to property is 

being developed at Carleton University. 

When a fire occurs in a building, the occupants may be injured or killed because of 

exposure to toxic gases, hot gases, and high heat fluxes. The threat to life and property 

caused by fire is mainly due to fire spreading from the fire compartment to other areas in 

the building. Therefore, it is very important to include a fire-spread model in the analysis 

of risk. 



3 

1.2 Review of Historical Studies 

A lot of research has been conducted in the recent decades to understand the mechanisms 

of fire spread in large buildings. Because of the difficulty of including all factors 

affecting fire growth and fire spread in the input data for fire-spread models, these studies 

were often done using a probabilistic approach. Ramachanandran [1,2] summarized the 

previous studies of stochastic fire-spread modeling in recent decades. 

In the earlier studies, the epidemic theory[3,4], random walk theory[5'6], Markov process 

[7,8, and 9]̂  percoiation process[10'11] and probabilistic network[12'13] were used to model 

fire spread. These models could successfully describe fire spread in buildings in certain 

respects. But there are some disadvantages to simulate the fire spread process using these 

models. The epidemic theory can not explain fire spread due to radiation to combustible 

materials or compartments which are far away from the fire origin and can not be directly 

reached by flames. The random walk theory[5'6], and percolation process [10'11] can 

simulate fire spread from a fire compartment to one of its adjacent compartments, and 

then from this fire compartment to another adjacent compartment. But they are not good 

at simulating the scenarios whereby fire may spread from a fire compartment to multiple 

adjacent compartments or fires from multiple fire compartments spread to their adjacent 

compartments. The transition probability in the Markov process [7'8'and 9] is not really the 

probability of fire spread from the fire compartment to adjacent compartments which are 
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affected by the fire severity and time. It only represents the relative probability that fire 

would spread from the fire compartment to an adjacent compartment, i.e. if there are two 

similar compartments on each side of a fire compartment, the transition probability of fire 

spread to each compartment will always be equal to 50%, regardless of the severity of the 

fire and how long the fire lasts in the compartment. In addition, the fire spread process 

from one compartment to multiple compartments or from multiple compartments to their 

adjacent compartments at the same time can not be described by the Markov process. 

Ling and Williamson [12] first presented a probabilistic network approach to study room-

to-room fire spread. An example of modeling a network for fire spread in a building floor 

was illustrated. This model did not consider the barrier failure due to radiation. This 

network is complicated. For each time that the compartment of fire origin is changed, a 

new network has to be developed. Piatt, Elms and Buchanan [13] developed a simple and 

clear model in which an event tree was used to determine the probability of fire spread 

form the fire compartment to other compartments. This model is very good in expressing 

the fire spread process for small buildings. But it is hard to develop a fire-spread event 

tree for large buildings. If the initial fire compartment is changed, a new event tree has to 

be developed even for the same building which make the model difficult to program. The 

digraph (directed graph) approach was used as the fire-spread sub-model of the fire risk 

evaluation and cost assessment model (FiRECAM) [14]. Fire spread from the fire 

compartment to the compartment on the floor above through the pathway of window to 
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window due to external flames out of a window was not included in this model. To 

simplify the problem, all compartments of the same type such as rooms, corridors, 

stairwells on one floor were combined as a single node of the network. The developed 

algorithm searches all possible pathways for fire to spread from one node to another. 

1.3 Scope of Work and Objective 

In this thesis, the Bayesian Network (BN)[15'16'and 17] is used to simulate the fire spread 

process. A Bayesian Network can overcome the disadvantages of the earlier models. A 

Bayesian Network however can not directly describe the fire spread process. To build the 

fire-spread model, a general fire-spread network has to be built according to the floor 

plan of a building. Once the compartment of fire origin is known, a detailed fire-spread 

model using a directed acyclic graph (DAG) of Bayesian network to express the fire 

spread process from the initial compartment to any destination compartment in the floor 

can be constructed and the probability of fire spread from the fire compartment to the 

destination compartment can be calculated by marginalizing the joint probability 

distribution of the Bayesian network. This model is a static fire spread model which can 

be used to undertake fire risk analysis of buildings and determine fire prevention 

strategies. 

Fire spread in a building is a dynamic process as the probability of fire spread from a 

compartment changes with time. Therefore, a dynamic fire-spread model was also 
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developed using basic concepts of dynamic Bayesian network[18] and the static fire-

spread model[19]. The dynamic fire-spread model considers both horizontal and vertical 

fire spread in a building. In this model, the algorithms for simulating the fire spread 

process are developed and corresponding codes are written. The probability of fire spread 

from the compartment of fire origin to any other compartment, the time of ignition, the 

time of flashover and the time of fire decay in each compartment and in every time step 

can be calculated by a purpose-built computer program. In addition, the formulae 

calculating the input data for the dynamic fire spread model were derived, in order to 

minimize the level of expertise required for the user. The dynamic fire-spread model can 

easily be applied for any building including high-rise buildings. 



7 

Chapter 2 

Literature Review of Modeling Fire Spread in Buildings 

2.1 Epidemic Fire Spread Models [3'411] 

The essential characteristic of epidemic models is the transfer of infection. In epidemic 

fire-spread models, the combustible and burning materials are treated as susceptible and 

infective respectively. The assumptions below were used in epidemic fire spread models. 

a) When the fire spreads to a combustible material, the fire is immediately able to 

spread from the burning material to adjacent combustibles. There is no latent 

period. That is the fire growth phase is not considered in this model. 

b) The combustible materials are homogeneously mixed; therefore all combustible 

materials are equally combustible and equally capable of spreading the fire. 

The burning materials could spread the fire or burn out. The burnt materials are treated as 

removals and are immune from catching fire again. Fire spread due to contact between 

burning materials and combustibles will lead to new burning materials. 

Comment on epidemic fire spread model: 

The epidemic theory can not explain fire spread to combustible materials or 

compartments due to radiation when the combustibles are far away from the burning 

materials and the combustible materials or compartments can not be directly reached by 

the burning flame. 
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2.2 Random Walk Model [1'2] 

In this model, it is assumed that in every short period, the fire takes a random step either 

to spread with a probability A, or to be extinguished (or burnt out) with a probability u 

(=1- X). Based on this random model, the probability that the duration of burning is less 

than or equal to time t is given 

F(t) = 1 - expi-fit) (2.1) 

The probability that the duration of burning is greater than time t is 

Q(t) = 1 - F(t) = exp(-nt) (2.2) 

Let c = n — X, then jU = (1 + c) /2 , therefore 

Q(t) = exp[- (1 + c)t/2] (2.3) 

Associated with time, assume there is damage represented by financial loss x which is 

approximately proportional to the heat output. Then the logarithm of damage x is 

proportional to time t 

\nx = kt (2.4) 

Where: k = coefficient 

The probability of damage exceeding the value x can be found by 

4>{x) = x~w, x>l (2.5) 

Where: 

w = coefficient, w = n/k 

Comments on the random walk model: 



• The random walk model represents a one-dimensional process describing the 

damage by a random function of time rather than by a function of time and space. 

• The random walk model can not simulate the scenarios in which fire spreads from 

a fire compartment to multiple adjacent compartments or fire spreads from 

multiple fire compartments to their adjacent compartments. 

2.3 Markov Process Models [1'2'7'8'91 

Similar to the random walk model, it is assumed that in every time step, the fire spreads 

with a probability A or is extinguished (or burnout) with a probability p. (=1- A). In the 

Markov model, the fire spreading from a state (such as spatial module, phase or realm) to 

another state is governed by a transition probability which is a function of time since the 

start of the fire in the building. Usually the transition probabilities are expressed in a 

matrix form. 

P = 

An 
^21 

*ml 

^12 

^22 

^m2 • 

l 7 n 

A-2m 

A-mm-

(2.6) 

Where: 

Xf=1A0 = l i = l,2,-,m (2.7) 

The probability distribution of the system at time k can be written as a vector 

Pk = {q1 12 q3 - qm) (2.8) 

Where: 
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qt is the probability of fire burning in the i state at time k. 

Since a fire can be in one of the m states at a given time 

Z"i<fc = l (2-9) 

Then the probability of burning in a different state one transition later is 

Pk+1 = Pk-P (2.10) 

Ramachanran [8] proposed an example of the Markov model as shown in Figure 2-1. This 

model considered following main states in the fire development in a building. 

Si- Fire confined to contents first ignited; 

52- Fire spreading beyond items first ignited but confined to contents of room of 

fire origin; 

53- Fire spreading beyond items first ignited and other contents but confined to 

contents of room and involvement of structure; 

S4- Fire spreading beyond room of fire origin but confined in the buildings 

For the example shown in Figure 2-1, fire spreading beyond the building of origin was 

not considered, therefore p4=l and A4=0. The detail calculations of the probability of fire 

in each state are listed in Figure 2-1. 
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Sprinklered State Non-sprinklered 

0.72 

0.19 

0.07 

0.02 

Hi 

0.72 

0 

0.68 

0 

Hi 

0.78 

0 

1.0 

1 

.28 0.51 

2 

.32 0.55 

3 

^ 3 

.22 0.25 

4 

Hi 

0.49 

0.45 

0.75 

IU 

1.0 

P 

0.23 

0.21 

0.07 

Ei= Probability of confinement to items first ignited = pi 

E2= Probability of spreading beyond items first ignited but confinement 

to contents of room of fire origin= A1P2 

E3= Probability of spreading beyond items first ignited and other 

contents but confinement to contents of room and involvement of 

structure= A1A2U3 

E4= Probability of spreading beyond room of fire origin but confinement 

in the building = A1A2 A3 U4 (p4=l) 

Figure 2-1 Probability tree - textile industry, adopted from |8' 
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Comments on Markov process model 

The transition probability in the Markov process is not really the probability of fire 

spread from the fire compartment to an adjacent compartment which is affected by the 

fire severity and time of fire development in the fire compartments. It only presents a 

relative probability that a fire would spread from the fire compartment to an adjacent 

compartment, i.e. if there are two similar compartments on each side of a fire 

compartment, the transition probability of fire spread to each compartment will always be 

equal to 50%, regardless of the fire severity and the duration of the fire in a compartment. 

2.4 Percolation Process [ 1 0 n i 

A percolation process is generally used to simulate the spread of a fluid through a 

medium. When the percolation process was used to simulate fire spread in a building, the 

building was considered as the medium, the compartment was the atom and the barrier 

was the bond connecting two atoms. There are two kinds of bonds, the undirected bond 

which is defined as the barrier with openings which allow the flame easily to spread to its 

adjacent compartment, and the directed bond which is defined as the barrier through 

which the fire can not spread to an adjacent compartment until a threshold is reached. 

Comments on the percolation process model 

The percolation process is usually studied by asymptotic theory which requires the 

number of atoms in the model to approach infinity. Therefore, the percolation process is 
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not good to simulate fire spread in a building because of the finite number of 

compartments in a building. 

2.5 Probabilistic network [12] 

Because of the uncertainty in fire spread, Ling and Williamson presented a probabilistic 

network approach to study room-to-room fire spread by transforming the compartments 

of a building (ship, airplane, or other structures) into nodes of a network. An example of 

transformation of a floor plan of an office building into a fire spread network is shown in 

Figure 2-2. The probabilistic network of fire spread in a building floor is presented as a 

digraph G(N, A) based on PERT (Program Evaluation Review Technique) network. The 

network consists of nodes and links. Each link represents one event such as fire growth 

within a compartment, fire breaches a barrier element, or fire spread along a corridor. The 

length of each link depends on the duration required for the event. A number pair (pi, t;) 

is assigned to each link i in which pi denotes the probability that the fire will go through 

link i and ti represents the duration the fire will take to go through link i. 

By enumerating all possible paths from the source node to the sink node, the fire spread 

network is transformed into an "equivalent network". 

The equivalent network has the following properties: 

(a) Each link has a Bernoulli probability of success (Bernoulli distribution takes 

value 1 with success probability p and value 0 with failure probability q = 1 - p); 

(b) The link travel times are deterministic; 
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(c) The expected shortest path response time between two points in the 

emergence network is equal to the expected path response time in the original 

network. 

Rl 
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R9 
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^ 
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C7 

(b) 

R2 

R4 
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R8 

RIO 
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R14 

Figure 2-2 (a) A floor plan of an office building and (b) Fire spread network 

By using the McNaughton-Yamada algorithm[20], the expected shortest travel time of fire 

spread from the source to the sink node could be found. 
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Ling and Williamson gave a detailed example of a probabilistic network simulating fire 

spread from Rooml to Room 4 in an office building as shown in Figure 2-3. Based on the 

probabilistic network as shown in Figure 2-4, the equivalent network of fire spread from 

Rooml to Corridor 2 is presented as shown in Figure 2-5 and the results of every 

pathway for fire to spread from Rooml to Corridor 2 is listed in Table 2-1. The (1-Ui) 

represents the probability that fire spreads from Rooml to Corridor 2 using less time by 

the ith pathway than by any other path. (1-Ui) Pi represents the ith pathway that is the 

shortest path by which fire spreads from Rooml to Corridor 2. Then the expected shortest 

time for fire to spread from Rooml to Corridor 2 is 

T _ ZlTiPi(.l-Ud _ 4.144+P/(5.75+0.26tf) 
£ iPi( l - l / i ) f° 0.716+0.26^ 

(2.11) 

Rl 
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^ 
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CI 

C2 

—j R2 

~> R4 

(a) 

R1 

R3 

SI 

CI 

C2 

(b) 

R2 

R4 

Figure 2-3 (a) Floor plan of 4 rooms and 1 stairwell (b) Fire spread network 
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Rl 
Rl' CI CI' R2 m, 

(Pf,tf) %(pb,tb) \U*V ;(pb,tb) (Pftf) V(pb, tb) 
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: Fire growth within compartment 

I—|—H—|—h : Fire breaches barrier element 

: Fire spread along corridor 

Figure 2-4 Probabilistic network of fire spread from Room 1 to Room 4 

L2(0.5, 0) 
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L4(0.09, 5) 

R3 ^ R 3 'Xa^r 2 

Figure 2-5 Fire spread equivalent network with 5 minute unrated door 
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Table 2-1 Pathways through the example equivalent network assuming 5-minute doors 

i 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Component 
links 

1-2-7 

1-2-8 

1-3-7 

1-3-8 

1-4-9-10 

1-4-9-11 

1-5-9-10 

1-5-9-11 

1-6-9-10 

1-4-9-11 

Spread time 

TVTf0 (min) 

1.5 

4.5 

6.5 

9.5 

5.0+tf 

10+tf 

15+tf 

20+tf 

20+tf 

25+tf 

Probability 
P/Pfo 

0.145 

0.300 

0.290 

0.600 

0.045Pf 

0.090Pf 

0.150Pf 

0.300Pf 

0.430Pf 

0.860Pf 

i-u, 

1 

0.71 

0.50 

0.355 

0.284 

0.142 

0.258 

0.129 

0.181 

0.090 

Probability that path i is the 
shortest path (1-U,)P! 

0.145Pfo 

0.213Pfo 

0.145Pfo 

0.213Pfo 

0.013Pfo 

0.013Pf0 Pf 

0.039Pfo Pf 

0.039Pfo Pf 

0.078Pfo Pf 

0.078Pfo Pf 

Comments on probabilistic network model 

• This model is too complicated to use in big buildings. 

• It is very difficult and too expensive to get the discrete distribution used in the 

equivalent network by fire tests. 

2.6 Probability Model with Time Effect based on Event Tree llJJ 

Piatt, Elms and Buchanan[13] developed a probabilistic model of fire spread with time 

effect in which an event tree was used to determine pathways of fire spread in a building 

and the probability of fire spread from the fire compartment to a destination 

compartment. For a simple four-compartment building as shown in Figure 2-6(a) , the 
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four possible paths by which the fire would spread from fire initial compartment 1 to the 

destination compartment 4 are shown in Figure 2-6(b). To find the probability of fire 

spread from compartment 1 to compartment 4 with this approach requires vast 

computational effort. Therefore, a modified event tree method was presented as shown in 

Figure 2-7. The probability of fire spread in pathway 3 shown in Figure 2-6(b) could be 

expressed as the summation of the two branches as shown in Figure 2-7 . 

P\path(3)] = P[(branch (01) n (12) n (23) n (34) n (24)) u (branch (01) n 

(12) n (23) n (24)) (2.11) 

The time for fire to spread along path k (Zk = Zk\FSl}) 

^•k 2ia.ll ij on path k ' ij (2.12) 

(a) 

Pathl 

Path 3 

(b) 

Path2 

Path 4 

Figure 2-6 (a) Plan of a four-compartment building; (b) possible paths by which fire may 

spread from (1) to (4) 

http://2ia.ll


No Failure 

Failure 

Pathl 

Path 2 

Path 3 

Path 4 

Branch only 

Figure 2-7 Modified event tree 

For the case Zk- T^, the probability density function of Zk: 

fzk(.t)=fTi.(t) 

For the case 

Zk~ Tij + Tiki 

Then 

(2.13) 

(2.14) 

fzk(t) = ^_jTtjiy)fTlk(t - y) dy (2.15) 

Therefore, the probability that a fire will enter compartment 4 via path 3 at time t is 

P[(path3)n (path time to room 4 = t)] = 

P[(pathtimetoroom4: = t)|(path3)]- P[(path3)] (2.16) 

For the case fire spread to compartment j via any path from compartment i at time t 
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P[ETV = t\FStJ\ = laiipathskfromito) P[(path time to j = t ) | (pa thk)] • 

P[pathk] (2.17) 

The probability of fire spread from compartment i to compartment j via any path at time t 

P[ETij = t\FSij] = laiipathskfromitoj P[(pathtime to j = t ) | (pa thk)] • 

P[pathk] (2.18) 

Assume that a fire starts in compartment i, the probability that the fire will spread to 

compartment j via any path before or at time t is 

P[ETtj < t\FS,j] = f^fET^i) dt = I a „ k f_JZk(t) • P[(path k)] dt 

(2.19) 

Comments on fire spread model using event tree 

This model is very good to express the fire spread process for small buildings. The 

limitations of this model are 

• It is hard to develop a tree for large buildings. 

• If the initial fire compartment changes, a new tree has to be developed even for 

the same building which makes this model difficult to be programmed. 

• It is assumed that the fire in a compartment develops linearly after ignition which 

is not true for real fires. A real fire in a compartment may go through the 

inception phase, fire growth phase, fully-developed fire phase and fire decay 

phase. 
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2.7 Fire Spread Model of NRCC [14] 

A fire spread model was built by the NRCC (National Research Council of Canada) as a 

sub-model of the computer program FiRECAM (fire risk evaluation and cost assessment 

model). A digraph (directed graph) approach was used to build the fire spread sub

model. To simplify the problem, all compartments on each floor are combined as one 

compartment except for the floor with the compartment of fire origin. This floor has the 

compartment of fire origin and the remaining compartments which are grouped into one 

compartment. Then the compartment, corridor, stairwell, elevator shaft or duct on a floor 

is denoted by a node of the network of the building. Two nodes are connected by a bi

directional edge which is considered as the fire spread pathway. 

The developed algorithm searches all possible pathways for fire to spread from one node 

to another. A recursive graph searching routine is used to find out all possible paths from 

the compartment of fire origin to a destination compartment. The flowchart of the 

recursive graph searching algorithms is shown in Figure 2-8. 

To show how the model works, an example of a building fire spread model of a 3-story 

building with 1 stairwell, 2 elevator shafts and 1 service duct is illustrated in Figure 2-9 . 

The paths of fire spread from node 0 to node 1 are shown in Figure 2-10. 
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Figure 2-8 Recursive graph searching algorithm flowchart 
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2 H •( 5 

1 W N 4 

0 H H 3 

Node Node Type 

0,1,2 Compartments 

3, 4, 5 Corridors 

6, 7, 8 Stairs 

9,10 Elevator shafts 

11 Duct 

Figure 2-9 Digraph of 3-store building withl stairwell, 2 elevator shafts, 1 service duct 

Comments on fire spread model of NRCC 

This model considers the fire spread to the compartments on the floor above through the 

ceiling, but does not consider the fire spread by external flames projecting out of the 

window of the fire compartment; but in real fires, fire spread from a window to a window 

is also a reason of fire spread to the floor above the fire floor; 

All compartments on one floor are combined together, ignoring fire spread between 

compartments on the same floor. 
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Figure 2-10 Paths of fire spread from node 0 to node 1 
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Chapter 3 

Fundamentals of Fire Development in Compartments and Fire 

Spread in Buildings 

To build a fire-spread model simulating fire spread in buildings, it is important to review 

some fundamentals of fire development in a compartment and fire spread from the fire 

compartment to its adjacent compartments. 

3.1 Fundamentals of Fire Development in a Compartment 

If a fire occurs in a compartment, the fire may undergo the phases of growth, 

development and decay as shown in Figure 3-1. 

Temperature/HRR 

Dormant 

Igni 

Growth 

tion Flasl 

Fully developed 

lover 

TfJ 

fire 

Dec 
1 
1 
1 

X . 1 

I 
I 
I 
i 
I 
I 

I 
I 

Decay 

;ay Exti Qguishment 

• 
tig tfl tde te x time 

Figure 3-1 The phases of enclosure fire development 
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3.1.1 Dormant Phase 

The phase during which no fire or ignition occurs in the compartment; 

3.1.2 Fire Growth Phase 

Once ignition occurs in the compartment, the fire might grow to a fully sustained fire. 

Usually the t-square fire [21] is used to characterize the fire in the fire growth phase 

Q = a ( t - t i g ) 2 (3.1) 

Where: 

Q = Heat release rate, (kW); 

t ig= The ignition time in the compartment, (s); 

a = growth coefficient for t-square fire, (kW/s2). The value of fire growth 

parameter is shown in Table 3-1. 

Table 3-1 Fire growth parameter 

Fire growth 
rate 

Slow 

Medium 

Fast 

Ultra fast 

Fire growth parameter a 
(kW/s2) 

0.0029 

0.012 

0.047 

0.188 

Time (s) 

(whenQ=lMW) 

600 

300 

150 

75 
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The fire in the growth phase in the compartment might experience flashover. A criterion 

for flashover occurring in a compartment is that the heat release rate of the fire must 

reach a critical value [22] 

Qf0 = 750A O A /H; (3.2) 

Where: 

Qf0= Critical value of heat release rate of fire for flashover, (kW); 

AOA/HO
 = Ventilation factor, (m5/2); 

A0 = Area of the ventilation opening, (m2); 

H0 = Height of the ventilation opening, (m). 

a. Fire can flashover in a compartment 

The fire growth phase ends when the heat released rate (HRR) of fire in fire growth phase 

reaches the critical value for flashover which depends on the ventilation condition, 

therefore 

Qfo = o(tf0 - t i g)2 = a( r / 0 ) 2 = 7 5 0 A O V H ; (3.3) 

Where: 

XfQ- Duration of fire growth phase from ignition to flashover (s); 

tfo= Flashover time in the compartment, (s). 

Therefore the duration from ignition to flashover zy0 can be calculated by 
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7B0A^/H. 

b. Criterion for flashover in a compartment 

If the heat release rate (or temperature) in a compartment during the fire growth phase 

can not reach the critical value for flashover, a sustained fire could not cause flashover to 

occur. All fuels in the compartment would burn out during the fire growth phase. The 

total heat that can be released by fuels in a compartment can be calculated by Equation 

(3.5) 

Q = wf AFHch = 
t. j.rmax . j . . ,-max -.max „ 1 

£ " C ( O d t = j J + T * r a ( t - t i g ) 2 d t = /0
T^ a(T)2dT=ia(T£F)3 (3.5) 

Where: 

Q = Total heat released of fuels, (kJ); 

Wf = The fuel load density in compartment, (kg/m2); 

A F = Floor area of the compartment, (m2); 

Hch= The heat of combustion of fuel (kJ/kg); 

Trnax= j ^ Q maximum duration of fire growth phase when all fuel would be burnt 

in fire growth phase, (s). 

Therefore the maximum duration of fire growth phase could be calculated by 

max _ 3 |3wfAFHch 
Tmax = - -"'"*"•» ( 3 # 6 ) 

a 
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If T^rax < Tf0, then there is no flashover in a compartment 

If T^.ax > Tf0, then flashover can occur in a compartment 

3.1.3 Fully-developed fire Phase 

Immediately after flashover, the compartment fire becomes a fully developed fire. 

During the fully-developed fire phase, the heat release rate of the fire reaches its greatest 

value. The fully-developed fire might be ventilation controlled or fuel controlled. 

The criterion used to distinguish the two regimes of post-flashover compartment fire 

proposed by Hannathy[23'24] are as follows. 

• Ventilation controlled fire: 

PofgAosfif,, < Q 2 6 3 

Af v ' 

• Fuel surface controlled fire: 

PoJgAoJSo^ Q 2 6 3 ,3„ 
Af v ' 

Where: 

Po = The density of air, (kg/m3); 

g = The acceleration due to gravity, (m/s2); 

Af = The surface area of the fuel, (m2). 

Harmathy[25^ suggested that the surface area of the fuel can be expressed as 

Af = q>WF = <pwfAp (3.9) 
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Where: 

Wf= Total mass of fuel in compartment, (kg ) 

cp = Specific surface of fuel, 0.1 < q> < 0.4—[23]; 

Wf = The fuel load density in compartment, (kg/m2); 

Ap = Floor surface area of the compartment, (m2). 

Substituting p0 = 1.2 kg/m3, g = 9.81 m/s2 and Equation (3.9) into Equation (3.7) 

and (3.8), then the criterion of the two regimes of post-flashover compartment fire 

becomes 

• Ventilation controlled fire: 

^ # = ^ < 0 . 0 7 n f 1 / 2 (3.10) 
Af <pwAF 

• Fuel surface controlled fire: 

^ = ^/5o>0 .07m-1 /2 (3.11) 
Af <pwAF 

For a wide range of conventional furniture cp = 0.13 — [25] 

kg 

a. Duration of fully-developed fire phase 

Harmathy[25] presented the following equations to calculate the duration of fully-

developed fire phase tyd 

• Ventilation controlled fire: 
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• Fuel surface controlled fire: 

T / d = ^ ( s ) (3.13) 

Where: 

Xfd = Duration of fully-developed fire phase, (s). 

For a ventilation controlled fire, its duration depends on both the amount of fuel in the 

compartment and the size and shape of the opening of the compartment. For a fuel 

surface controlled fire, its duration is independent of the fuel load in the compartment and 

only depends on the specific surface of fuel. 

b. Flame height above the soffit of the window of the compartment 

• For a fuel surface controlled fire, the fire will be contained in the compartment 

and flames will not come out of compartment. 

• If a fire is ventilation controlled, flames will project outside the compartment 

through openings such as windows or open doors. The flame height above the 

soffit of the opening is given by[26] 

z = 12.8(^)2/3-H„ (3.14) 

Where: 

z = Flame height above the soffit of the opening, (m); 

rhv= Fuel burning rate during fully-developed fire phase for ventilation controlled 

fire, (kg/s); 
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W0 = Width of the ventilation opening, (m). 

For the ventilation controlled fire, the burning rate at fully-developed fire phase [27] is 

^ = 0 . 1 8 < ! ^ M (3.15) 

Where: 

D = Depth of the fire compartment, (m); 

W = Width of the fire compartment, (m); 

Q. = Coefficient, Q. = T 

AT = Total area of fire compartment enclosing surface, (m2). 

3.1.4 Decay Phase 

Decay occurs as fuels are consumed by the fire and the HRR begins to decline. During 

this phase, the fire in the compartment changes from ventilation controlled fire to fuel 

surface controlled fire. 

3.2 Fundamentals of Fire Spread in a Building 

The main reason for fire spread from the compartment of fire origin to its adjacent 

compartments is that the barriers between the compartments fail to contain the fire. The 

heat in the fire compartment penetrates the barrier and may ignite the combustible 

materials in the adjacent compartments. After ignition, the fire in the adjacent 
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compartments may grow and develop to a fully developed fire. The failure of a barrier to 

contain the fire depends on three factors: 

• The fire severity 

• Fire duration 

• Fire resistance of the barrier 

Fire severity is usually expressed in terms of the heat release rate or temperature in the 

fire compartment. As shown in Figure 3-1, the heat release rate or temperature during the 

fire growth phase is much smaller than that of the fully developed phase; therefore, it can 

be assumed that fire spread can only occur after flashover and during the fully-developed 

fire phase. 

The duration of a fully-developed fire mainly depends on the amount of fire load in the 

compartment and the fire burning rate. 

Fire spreads from the fire compartment to its adjacent compartments always via the 

weakest parts of the barriers such as doors, windows or other openings, etc. In buildings, 

fire may spread from the fire compartment to adjacent compartments both in the 

horizontal direction and in the vertical direction 

3.2.1 Fire Spread in the Horizontal Direction 

The possible pathways for fire to spread from the fire compartment to its adjacent 

compartments in a horizontal direction are: 

• through a wall connecting two compartments 
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• through a closed door connecting two compartments 

• through an open door connecting two compartments 

• through a window connecting two compartments 

• from one compartment to another compartment separated by a corridor ( 4 

different door opening scenarios) 

The mechanisms of fire spread between two compartments in the horizontal direction are: 

• Conduction: The heat in the fire compartment is conducted through walls or 

closed doors separating the two compartments, causing an increase of the 

temperature on the unexposed side and igniting combustible materials in the 

adjacent compartment. 

• Convection: Hot gases or flames flow through openings such as open doors, 

windows or cracks to the adjacent compartment and ignite combustible materials 

in it. 

• Radiation: Radiative heat flux from the fire compartment transfers to 

compartments across the corridor and ignites combustible materials in these 

compartments. 

3.2.2 Fire spread in the vertical direction 

The possible pathways for fire to spread from the fire compartment to compartments on 

the floor above: 
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• through a ceiling connecting two compartments 

• through an opening such as stairwell connecting two compartments 

• by outside flames projecting out of windows in the fire compartment entering 

windows in the compartment above 

The mechanisms causing the fire to spread from the fire compartment to compartments 

above in vertical direction are: 

• Conduction: Conduction of heat from the fire compartment through the ceiling or 

floor, causing an increase of the temperature on the unexposed side and igniting 

combustible materials in the compartment at the upper or lower floor. 

• Convection: Immediately after flashover in the fire compartment, hot gases flow 

to the compartment above through openings and ignite combustible materials 

inside. 

• Radiation and convection: Heat flux from the flames projecting out of the 

windows of the fire compartment could break glass windows of the compartments 

on the upper floor, penetrate the windows, and ignite combustible materials in the 

upper compartment. 
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Chapter 4 

The Modeling of Fire Spread in Buildings by Bayesian 

Network 

The Bayesian network model is a powerful tool to manage uncertainty using probability. 

A Bayesian network is a graphical model which combines graph theory and Bayesian 

probability theory. Bayesian probability theory deals with the problem of reasoning under 

uncertainty. 

4.1 The Fundamentals of Probability 

If A is an event, P(a) represents the probability that event A is true, and P(a) denotes the 

probability that event A is not true. 

Some basic axioms can be expressed as follows: 

0 < P(A) < 1 (4.1) 

P(a) + P(a) = 1 (4.2) 

If event A and event B are mutually exclusive, the probability of the union of event A and 

Bis 

P(A UB) = P(A) + P(B) (4.3) 

If events A and B are not exclusive 

P(A UB) = P(A) + P(B) - P(A n B) (4.4) 
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Where P(A n B) is called the joint probability of events A and B. Usually P(A n B) is 

shorten as P(A,B). 

The joint probability P(A, Z?) can be derived from the following equation 

P(A, B) = P(B\A)P(X) (4.5) 

Where P(B\A) is called the conditional probability, which is the probability that event B 

occurs given that event A occurs. 

P(A, B) can also be written as 

P(A, B) = P(B\A)P(A) = P(A\B)P(B) (4.6) 

Rearranging the above equation leads to the famous Bayes theorem 

W = ™ (4.7) 

4.2 The Basics of Bayesian Network 

4.2.1 Definitions 

The Bayesian network (BN) is based on the fundamental assumption that the probability 

distributions in BN are subjected to the Markov condition. A Bayesian network or 

Bayesian belief network consists of two components: 

(a) A graphical structure, called directed acyclic graph G (DAG). G = ( V, E) where 

V are the set of nodes representing random variables on which the Bayesian 
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network is defined and E are the set of directed edges representing relations 

among the variables. 

P(a) = 0.7 ^~\ ^ - \ P(b) = 0.7 
A 

P(c\a) = 0.7 

P(c\a) = 0.2 

' P(d\a,b) = 0.8, P(d\a,b) = 0.5 

P(d \a, b) = 0.3, P(d \a, b) = 0A 

P(e\c, d) = 0.6, P(e\c, d)) = 0.3 

P(e\c,d) = 0.3,P(e\c,d) = 0.1 

Figure 4-1 An example of a Bayesian Network 

E 

An example of a DAG is shown as Figure 4-1. In DAG, the family notation is often used 

to express the relationships between variables. For Ae V, the parents of A, or pa(A), are 

the set of variables from which there is an arrow going to Node A. The children of A are 

the set of variables which are reached by an arrow from Node A. The ancestors of A are 

the set of variables who are the parents of A, its parent's parents and so on. The 

descendents of A are the set of variables who are the children of A, its child's children 

and so on. The nodes without parents are called root nodes. The nodes without children 

are called leaf nodes. 
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In Figure 4-1, Nodes A and B are root nodes. Node E is a leaf node. The nodes C, D are 

the children of Node A, and Nodes A, B are called the parents of Node D. Nodes A, B, C, 

D are the ancestors of Node E, and Node E is called the descendant of Nodes A, B, C, D. 

Node C is a non-descendent of Node B, or ND(B). 

(b) A set of probabilities P, each of which is associated with a node of the DAG as 

shown in Figure 4-1. Each root node possesses a prior probability distribution 

table. Each of the other nodes possesses a Conditional Probability Table (CPT). In 

this thesis, we assume all variables to be binary, that is, we use v to denote V= 

True and v to denote V=False. 

4.2.2 Independence and D-Separation 

Suppose that a conditional probability P(A\B, C) has the property that it is always equal 

to the conditional probability P(A\B) as C varies, therefore A is conditionally 

independent of C given B, written as A I I C | B. 

A Bayesian network may have a complicated DAG. No matter how complicated, any 

Bayesian network can be considered to consist of the following three basic types of 

connections as shown in Figure 4-2. 
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H B H c 

(a) Serial connection 

(b) Diverging connection (c) Converging connection 

Figure 4-2 Three basic connections in Bayesian network 

(a) The serial connection as shown in Figure 4-2(a): There is a directed path from the 

start node to the end node A -» B -» C. In Figure 4-2(a), Nodes A and C are 

separated by Node B. If the state B is known, A and C become independent of 

each other according to the Markov condition, therefore A and C are referred to as 

d-separated by B. 

(b) The diverging connection as shown in Figure 4-2(b): Node B effectively d-

separates Nodes A and C from each other, making them conditionally 

independent. 

(c) The converging connection as shown in Figure 4-2(c): If the state of B is known, 

A and C become conditionally dependent. This is known as d-connection. 
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4.2.3 epresentation of the Joint Probability Distribution 

If a BN contains n nodes V= {Xi, X2,... , X n }, a particular value in the joint probability 

distribution can be represented by P(Xl = xx,X2 = x2, • • •,Xn = xn), or P(xx,x2, • • • ,x n ) . 

The chain rule in the classical probability theory can be used to factorize it as follows: 

P(X1,X2, •••Xn) = P(Xn\X1,X2, — *n-i) • P(.X1,X2, — Xn_1) 

=P(X1) P(X2\X1)P(X3\X1,X2) -P(Xn\X1,X2,-Xn.1) (4.8) 

Assume that the variables in V are ordered ancestrally, or in a topological ordering, that 

is for every node Xi e V; the index of its ancestor X} has the property j < i. According 

to the Markov condition, we know that any variable Xt is conditionally independent of 

its non-descents ND(Xt) given its parents pa(Xl), which can be stated as 

Xl ]\ND(Xi)\pa(Xl). Thus the conditional probability distribution of any variable Xt 

may be expressed as 

P{Xt\Xx,X2, •••*,_!) = P(X(|pa(Xf)) (4.9) 

Therefore the joint probability distribution over n variables Xi, X2, . . . , X n can be 

defined as 

P(X1,X2,-Xn)= P(X{) •P(X2\pa(X2))P(X3\pa(X3))-P(Xn\pa(Xn)) = 

n?=iP(^lpa(Xf)) (4.10) 
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4.2.4 Inference and Marginalization in Bayesian Network 

Bayes' rule is one of the fundamental theorems in Bayesian network. Based on the 

observed evidence of some variables, Bayes' rule can predict the outcome of other 

variables by providing the posterior probability distribution when these variables are 

linked in the form of a network. For the random variables Xi, X2, . . . , X„, the impact of 

an observed variable X} = x} on another variable Xt = xt can be stated as 

pN*;) = £fey (411) 

The marginal probability P(Xi,Xj) is computed by summing the joint probability 

distribution P^X^X^ ••• Xn) over all instantiations of the variables except Xi and X,. The 

marginal probabilities can be expressed as 

PfaXj) = Zx/ix^x^nX^X^-Xn) (4.12) 

P(Xj) = ZXlP{Xl,Xj) (4.13) 

4.3 A Fire Spread Model for an Office Building Using Bayesian 

Network 

A floor of a building may consist of rooms, corridors, stairwells, elevator shafts, and 

ducts. Due to the different uses and fuel loads, some compartments may have higher 

probabilities for fire to be initiated in them than other compartments. If a fire occurs in 

one compartment, the fire may spread from the fire compartment to other compartments 

in the building. In order to build a fire spread model in a building based on Bayesian 
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network, the first step is to transform the building plan into a DAG. To simplify the 

problem, in this thesis the fire spread model is firstly focused on the case where fire only 

spreads horizontally on a single floor. 

4.3.1 Transforming the Compartment Floor into the DAG of Bayesian network 

Sf 

Rl 

R2 

R3 

R4 

R5 

R6 

R7 

* E ' 
\ / 
\ / 

v / 

\ / / \ / \ / \ 

R8 

R9 

RIO 

J<. 

V 
Rll 

S2 

Figure 4-3 The floor plan of an office building 

Figure 4-3 shows the floor plan of the office building considered. The floor has eleven 

rooms, one corridor, two stairwells, and one elevator shaft. We can transform this floor 

plan into a DAG of Bayesian network as shown in Figure 4-4. 
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Figure 4-4 The DAG of fire spread model based on Bayesian network 

In the DAG of Figure 4-4, there are 15 nodes, each of which represents one compartment 

such as room, stairwell, elevator shaft, corridor or duct, and edges connecting the 15 

nodes. The arrows represent the possible paths and directions of fire spread. The DAG 

can be considered as the general fire spread model that includes all possible fire spread 

paths from any compartment of fire origin to any destination compartment in the 

building. Once the compartment of fire origin is known, the general fire spread network 

can be immediately converted into a specific fire spread Bayesian network for fire spread 

from the compartment of fire origin to a specific destination compartment. The 

probability of fire spread from the compartment of fire origin to the destination 

compartment can be calculated using Bayesian network theory. 
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To further simplify the problem, it is assumed that although it is possible for a corridor 

fire to occur, a corridor fire will not spread to other compartments because usually there 

is not enough fuel in the corridor. With this assumption, the fire spread network of Figure 

4-4 can be simplified resulting in the fire spread network shown in Figure 4-5. 

Figure 4-5 The simplified general fire spread network 

4.3.2 Probability of Fire Spread 

Fire spread from the fire compartment to an adjacent compartment includes two 

processes: 

(a) Heat overcomes the fire resistance of the barrier between the two compartments 

and transfers to the adjacent compartment, igniting combustible material located 

in the adjacent compartment. 
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(b) Following ignition, fire grows into a fully-developed fire in the adjacent 

compartment. 

The main reason a fire spreads from the fire compartment to an adjacent compartment is 

that the barrier between these two compartments fails to contain the fire. The failure 

depends on three factors - the fire severity, the duration of the fully-developed fire phase 

in the fire compartment and the fire resistance of the barrier between the two 

compartments. Fire penetrates a barrier and spreads to another compartment mainly via 

the weakest part of the barrier such as a door, a window etc. After ignition, the fire may 

grow and reach the fully developed phase. The duration of the fully-developed fire phase 

depends on the amount and type of fuel in the compartment and fire burning rate in the 

compartment. 

The probability of fire spread from compartment B to compartment A is written as 

P(a\b). Therefore 

P(a\b) = P(a\a') x P(a'\ti) x P(b) (4.14) 

Where: 

P(a'\b) = Barrier failure probability indicating that heat transfers from the fire 

compartment B to the adjacent compartment A igniting the combustible materials 

in compartment A. 
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P(a |a ' ) = Probability of fire growth to fully-developed fire indicating the fire in 

compartment A grows from ignition to a fully developed fire; 

P(b) = The probability of fire growth to fully-developed fire in compartment B. 

4.3.2.1 The barrier failure probability 

A barrier failure probability is the probability that heat in the fire compartment 

overcomes the fire resistance of the barrier, penetrates to an adjacent compartment and 

ignites the combustible material in the adjacent compartment. The barrier failure 

probability depends on the fire severity, amount and types of combustible materials, the 

material and thickness of the barrier, the position of doors or windows and the material 

and size of the door or window etc. Fire always spreads into adjacent compartments 

through the weakest part of its barrier, such as door or window. Whether the door or 

window is open or closed also has a great effect on the speed of fire spread. 

4.3.2.2 Probability of fire growth to fully developed fire 

Once ignition occurs in a compartment, the fire may or may not grow from ignition to a 

fully developed fire. The probability of fire growth to a fully-developed fire depends on 

the following factors: 

• The fuel load: fuel amount and fuel types in the compartment; 

• The geometry of the compartment and its ventilation condition; 

• The presence of a fire suppression system. 
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In this thesis, the following assumptions are made for the calculation of the probability of 

fire spread, 

• If a fire has burnt in a compartment and spread to adjacent compartments, the fire 

can not return to this compartment again. 

• When two rooms are separated by a wall, the barrier failure probabilities for fire 

to spread in both directions through the wall are the same. 

• When two similar compartments (such as rooms) are separated by a corridor, the 

barrier failure probabilities for fire to spread in both directions through the 

corridor from the fire compartment to the opposite compartment are the same. 

• When two similar compartments (such as rooms) are separated only by a door, the 

barrier failure probabilities for fire to spread in both directions through the door 

from the fire compartment to the adjacent compartment are the same. 

• The barrier failure probability of fire spread to upper floor compartments (upward 

direction) is greater than that in the downward direction. 

• The barrier failure probability for fire in the stairwell, elevator shaft or duct to 

spread in the upward (vertical) direction is greater than that in the horizontal or 

downward direction. 

• Though fire may occur in a corridor, the probability of barrier failure for fire to 

spread from the corridor to adjacent compartments can be ignored since there is 

not enough fuel in the corridor to support fire spread. 
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• Though the probability of barrier failure from a corridor to a room is assumed to 

be zero, heat can spread from one room to a room separated by a corridor due to 

radiation and convective heat transfer. 

• Compartments of the same type have the same probability of fire growth to a fully 

developed fire. 

• The probabilities of fire growth to a fully-developed fire in stairwells, elevator 

shafts or ducts are lower than that in a compartment (room). 

4.4 Example of a Fire Spread Model Using Bayesian Network 

To calculate the probabilities of fire spread in a building, a general fire spread network 

has to be built based on the building floor plan. Following that, a Bayesian network can 

be constructed to calculate the probability of fire spread from the fire compartment to a 

destination compartment. 

As an example, a Bayesian network model for the building, as shown Figure 4-3, will be 

developed using the principles described above for calculating the probability of fire 

spread from a fire that starts in Room 1 and spreads to Room 6, both of which are located 

on the same floor. Once the model is developed, the fire spread probability from Room 1 

to Room 6 will be computed for the following two cases: 

• Case 1: There is no suppression system in the building or intervention during the 

fire spread process; 
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• Case 2: There is a sprinkler system installed in the rooms of the building. 

The steps to calculate the probability of fire spread from Room 1 to Room 6 using the fire 

spread model based on Bayesian network are listed below: 

• Step 1. Build a general fire spread network according to the building floor plan. 

This general network is shown in Figure 4-5. 

• Step 2. Find all the possible pathways, through which fire could spread from 

Room 1 to Room 6. The possible pathways are shown in Figure 4-6 which 

represents the directed acyclic graph (DAG) of the Bayesian network. 

Figure 4-6 The DAG of Bayesian Network for fire to spread from room 1 to room 6 

From Figure 4-6, it can be seen that fire can spread from Rl to SI and R2; from SI to R2; 

from R2 to R4; from R4 to R3 and R6; etc. Using this information, the joint probability 

for the Bayesian network for fire spread from Room 1 to Room 6 can be expressed as 
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P(Ri,R2"- ,Ri1,S1,S2,E) — 

P(Rt) • P(51|«1) • PiR^R^Sj) • PCA,!*!,^) • P ^ l i ? ^ ) • P(J?5|«3) • 

P(R6\R4,R5,E) • P(R7\R5) • P(E\R7,R9) • P(R8\R7) • P(R9\R8,Ru) • P(R10\Rs) • 

P(/?11 |«io.52)-P(52 |i?10) (4.15) 

The terms of Equation (4.15) can be re-written to explicitly consider both the probability 

of barrier failure and the probability of fire growth to fully developed fires in the adjacent 

compartments, which is a condition for spreading from a fire compartment to the adjacent 

compartments, as per Equation (4.14). 

As described in Equations (4.1) and (4.2), each event (fire spread) in Equations (4.15) can 

be true or not true, both of which have to be considered in the calculations. Using 

Equation (4.12) the fire spread probability from Room 1 and Room 6 can be computed by 

summing the joint probability distribution P(fl1( R2 •••, R\\, Slt S2lE) over all instantiations 

of the variables except Rl and R6 as follows: 

P(r6\ri) = ZZX/R6P(RI,R2 ••,i?ii,51 /52 ,£) (4.16) 

A computer model can be developed to perform the summations of Equation (4.16). The 

model requires probabilities of barrier failure and probabilities of fire growth as its input. 

The probability of fire growth is obtained from paper[28] which was conducted for use in 

the risk-cost assessment model FireCAM [29]. The probability of barrier failure may be 

calculated by considering the heat transfer through the barrier and structural performance 
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of the barrier at elevated temperature. The probabilities of barrier failure were taken from 

the report [14]; however, this report does not provide detail on how they were computed. 

As no other values were found in the literature, the values of references [14] and[28] are 

used to demonstrate the ability of the model to compute the probability of fire spread 

from the compartment of fire origin to other compartments in the building. The model 

was used to compute the probability of fire spread from Room 1 to Room 6 for two cases: 

a case without sprinklers in the building, and a case with sprinklers installed in every 

room in the building. A discussion of the two cases is given below. 

Case 1: when there is no intervention during fire spread 

In Case 1, the building has no sprinklers and it is assumed that there is no manual fire 

suppression intervention. The values of the probabilities of barrier failure shown below 

are used in the calculations. These values have been obtained from NRCC report [14]. 

The probabilities of barrier failure between the various building elements |14] 

• Room to room (separated by wall) 0.81 

• Room to room (separated by corridor) 0.84 

• Room to stairwell, elevator shaft or duct (separated by wall) 0.57 

• Room to stairwell, elevator shaft or duct (separated by corridor) 0.28 

• Stairwell, elevator shaft or duct to room (separated by wall) 0.60 
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Using above data, the barrier failure probability distributions between the adjacent 

compartments or nodes in Bayesian network in Figure 4-6 were calculated and are shown 

in Table 4-1 which shows the probabilities of success and failure of all events that lead to 

barrier failure and fire ignition in the different rooms of the building. (Example of 

calculation in Table 4-1: v Pfo'lri) = 0.84, P{r2\st) = 0.60, •"• Pfo'lr^Si) = 

^(r2 ' |ri) + P(ri\si) - P(r2'|7i) x P(xi\s-d = 0.84 + 0.60 - 0.84 x 0.60=0.936). These 

values are used as input to the fire spread model. 

Table 4-lBarrier Failure Probability Distribution 

Node 

Ri 

Si 

R2 

R3 

R. 

R5 

Re 

Barrier Failure Probability 

P(r1) = l,P(?-) = 0 

P(s[\r,) = 0.57, P(s[\rl) = 0 

P(r2'|r1,?1) = 0.84, P(r2 ' |^,51) = 0.60,P(r2 ' |r1,50 = 0.936, P(r2 ' |^,S;) = 0 

P(r;\n,r4) = 0.Sl, P(r;\rl,r4) = 0M, P(r;\ri,r4) = 0.%% iP(r;\rl,rA) = 0 

P(<\r2 ,r3) = 0.81, P(r4'| r2 ,r3) = 0.84 , P(r'A\r2 ,r3) = 0.9696 , 

P(r;\r2,r3) = 0 

P(r5'|r3) = 0.81,P(r5 ' |/-) = 0 

P(r'6\r4 ,r5 ,e) = 0.81 ,P(r'6\ F4 ,r5 ,e) = 0.84 ,P(r6 ' | rA ,r5 ,e) = 0.60 , 

P(rl \r4,r5,e) = 0.9696 , P(r'61 r4 , F5, e) = 0.924 , P(r'6 \r4,r5,e) = 0.936 , 
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R7 

E 

Rs 

R9 

Rio 

Rn 

s2 

P(r'6\r4 ,r5 ,e) = 0.98784 ,P(r'6\r4 ,r5,e) = 0 

P(r7'|r5) = 0.81,P(r7'|^) = 0 

P(e'\ r7 ,r9) = 0.28 , P(e'\ r7 ,r9) = 0.57, P(e'\ r7 ,r9) = 0.6904 , 

P{e'\r1,r9) = 0 

P(r8'|r7) = 0.81,P(r8'|F7) = 0 

P(K\r% ,rn) = 0.84 ,P(r9'| r8 ,rn) = 0.81, P(r9'|r8 ,rn) = 0.%96 , 

P(r;\rs,rn) = 0 

P(r;o\r8) = 0.$l,P(r;o\rs) = 0 

P(ru 1 rw ,s2) = 0.84 ,P(r^ \ rl0 ,s2) = 0 . 6 0 , P ^ | r10 ,s2) = 0.936 , 

P(rn\rl0,s2) = 0 

P(s'2\rm) = 0.57, P(s'2\T-0) = 0 

The probabilities of fire growth to fully-developed fire in the compartments without 

a suppression system and intervention 

• Room 0.242[28] 

• Stairwell, elevator shaft or duct 0.05 

A statistical analysis of Canadian and US fire loss reported in paper[28] shows that 24.2% 

of fires in office building grow to become fully developed fire. The probability of a 

flashover fire in the stairwell, elevator shaft or duct is assumed to be 0.05 as these areas 

typically have no significant amount of combustible materials. 
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Using the barrier failure probability distributions in Table 4-1 and above probabilities of 

fire growth to fully-developed fire in compartments without suppression system and 

intervention, the probabilities of fire spread were calculated and are shown in Table 4-2 

which shows the probabilities of success and failure of all events that fire spreads from a 

given fire compartment to its adjacent compartments resulting in fully developed fires in 

compartments. Using these values, the model computed the probability of fire spread 

from Room 1 to Room 6 to be 2.2x 10"2. 

Table 4-2 Fire Spread Probability Distribution Tables without Intervention 

Node 

Ri 

Si 

R2 

R3 

R4 

R5 

R* 

Fire Spread Probability 

P(rx) = l,P(rx) = 0 

P(sx \rx) = 0.0285 , P(sx\ rx) = 0 

P(r21 rx,?,) = 0.20328 , P(r2 \ rx ,sx) = 0.1452 , P(r21 rx ,sx) = 0.226512 , 

P(r 2 | ^ ,S; ) = 0 

P(r31 rx ,F4) - 0.19602 , P(r3 \t\,r4) = 0.20328 , P(r3 \ rx ,r4) = 0.2346432 , 

P(r3\rx,r4) = 0 

P{r. \r2,r3) = 0.19602 , P(r4 \ r2 ,r3) = 0.20328 , P(r4 \r2,r3) = 0.2346432 , 

P(r4 |r2,?-) = 0 

P(r51 r3) = 0.19602 , P(r5 \r3) = 0 

P(r61 r4 ,r5 ,e) = 0.19602 ,P(r6 \r4 ,r5 ,e) = 0.20328 ,P(r61 r4 ,r5 ,e) = 0.1452 , 
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R7 

E 

R8 

R9 

Rio 

Rn 

s2 

P(r6\r4,r5,e) = 0.2346432 ,P(r6\r4,r5,e) = 0.223608 , 

P(r6\r4,r5,e) = 0.226512 ,P(r6\r4,r5,e) = 0.23905728 ,P(r6\r4,r5,e) = 0 

P(r71r5) = 0.19602 , P(r7\r5) = 0 

P(e\r7,r9) = 0.014 , P(e\ r7 ,r9) = 0.0285 , P(e\ r7 ,r9) = 0.03452 , 

P(e|r7 , r9) = 0 

P(r8|r7) = 0.19602, P(r8 |r7) = 0 

P(r91 r8 ,rxl) = 0.20328 ,P(r91 r8 ,rn) = 0.19602 , P(r9 \ r8 ,rn) = 0.2346432 , 

P(r9\rs,rn) = 0 

P(r10|r8) = 0.19602, P(rl0\rs) = 0 

p(rn 11o ' ?
2 ) = 0-20328 ,P(rn | /j0 ,s2) = 0.1452 ,P(rxx \ rx0 ,s2) = 0.226512 , 

P(52|r10) = 0.0285,P(52|^0) = 0 

Case 2: when there is a sprinkler system installed in the building 

When a sprinkler system installed in the building, it is assumed that the effect of 

sprinkler on the probabilities of barrier failure between the various building elements is 

limited and the probabilities of barrier failure have the same values as in Case 1. But the 

sprinkler system will have a great impact on the values of probabilities of fire growth to 

fully-developed fire in compartments. 



57 

The probabilities of fire growth to fully-developed fire in the compartments with a 

sprinkler system installed in the building 

• Room 0.051 [28] 

• Stairwell, elevator shaft or duct 0.005 

Using the barrier failure probability distributions in Table 4-1 and above probabilities of 

fire growth to fully-developed fire in the compartments with the intervention of sprinkler 

system, the probability of fire spread can be calculated and shown in Table 4-3. Using 

these probabilities in Table 4-3, the model computed the probability of fire spread from 

Room lto Room 6 to be 2.2* 10"4. 

Table 4-3 Fire Spread Probability Distribution Tables with Sprinklers Installed 

Node 

Ri 

Si 

R2 

R3 

Ri 

Fire Spread Probability 

P(rx) = l,P(rx) = 0 

P(sx\rx) = 0.00285 , P(sx\rx) = 0 

P(r2 \rl,s1) = 0.04284 , P(r2 \ rx ,sx) = 0.0306 , P(r21 rx ,sx) = 0.047736 , 

P(r2\rx,sx) = 0 

P(r3\rx ,F4) = 0.04131 , P(r3\rx ,r4) = 0.04284 , P(r3\rx ,r4) = 0.0494496 , 

P(r3\rx,r4) = 0 

P(r41 r2 ,r3) = 0.04131 , P(r41 r2 ,r3) = 0.04284 , P(r4 \ r2 ,r3) = 0.0494496 , 

P(r4 |?2 ,^) = 0 
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R5 

Re 

R7 

E 

Rs 

R9 

Rio 

Rn 

s2 

P(r5 \ r3) = 0.04131 , P(r5 \r3) = 0 

P(r61 r4 ,% ,e) = 0.04131 ,P(r6 \r4 ,r5 ,e) = 0.04284 ,P(r6 \r4,r5,e) = 0.0306 , 

P(r61 r4 , r5, e ) = 0.00494496 , P(r6 \r4,r5,e) = 0.047124 , 

P(r6 \r4,r5,e) = 0.047736 , P(r6 \r4,r5,e) = 0.05037984 , P(r6 \ r4 , r5, e ) = 0 

P(r7 \r5) = 0.4131, P(r7 |^) = 0 

P(e| r7 , ^ ) = 0.0014 , P(e\ r, ,r9) = 0.00285 , P(e| r7 ,r9) = 0.003452 , 

P(e|r7 , r9) = 0 

P(r8|r7) = 0.04131, P(r8 |r7) = 0 

P( r 9 | r 8 , ^ ) = 0.04284 ,P(r9\7s,rlx) = 0.04131 , P(r91r8 ,rn) = 0.0494496 , 

P(T9\ri,ru) = 0 

P(r10|r8) = 0.04131, P(rxo\rs) = 0 

p(rn 1 rw »*2) = 0.04284 ,P(rxx \ rXQ ,s2) = 0.0306 ,P(rlx \ rxo ,s2) = 0.047736 , 

P(r1i\'
r\o,s2) = 0 

P(s2\rxo) = 0.00285, P\s2\rw) = 0 
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Chapter 5 

Dynamic Modeling of Fire Spread in Buildings 

5.1 Fundamentals of Dynamic Bayesian Network[161718] 

Bayesian network can not model temporal relationships among variables since Bayesian 

network does not provide the mechanism for representing temporal dependencies. 

Therefore, it can not represent how the value of some variables may be related to their 

values and the values of other variables at a previous point in time. But time is a critical 

factor in modeling the fire spread process in a building because the fire severity in the fire 

room and the fire resistance of the barrier are functions of time. To capture the dynamic 

aspects of the problem, dynamic Bayesian network (DBN) is used to build the dynamic 

fire spread model of buildings. 

Let X={Xi,X2,..., Xm}denote the variables in a Bayesian network. Assume that the 

variables in X are ordered ancestrally, or in a topological ordering. That is for every node 

Xt e X ; the index of its ancestor X has the property j < i. A dynamic Bayesian 

network is a Bayesian network with explicitly represented temporal variables. A DBN 

structure can be treated as having two dimensions: the time line and the variable line, 

represented in Figure 5-1 on the horizontal axis and vertical axis respectively. On the 

time line, the time mission T (from to=0 to tn=T) is divided into n intervals. Each time 
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step (to, ti, t2,... tn) is called a time-slice. The relationships between variables in the 

same time slice are represented by the infra-slice arcs. The edges representing the 

relationships between variables in the different time slices are called inter-slice arcs or 

temporal arcs. Each variable on the time line forms a sequence Xi(t) = { X^to), X^ti) , . . . , 

X,(tn) } called a temporal variable sequence. The temporal variables measured at the same 

time slice form a contemporaneous variable set X(ti) = { Xi(tj), X2(U),..., X ^ ) }. 

x(toL xfti) xfei 

to=0 tn=T 

- h - time 

Figure 5-1 A DBN with first-order Markov property 

The joint probability distribution of DBN over all variables can be stated as 
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P(X(t0).*(tl).*(*zV"*(tn)) = 

P(X(t0)) - P ^ t O l K t o ) ) -

P{X(t2)\X(tQlX(tO)---P(X(tn)\X(t0),X(.t1lX(t2l---,X(.tn_1)) (5.1) 

Assume that the time slices are so chosen that the states of the DBN satisfy the Markov 

condition; that is, the state of a DBN at time t; depends only on its immediate past state 

(the state at time ti_i). Therefore, the state of a variable of a DBN at time ti depends on its 

previous state at time t;.i and the current states of its parent's variables of the DBN at 

time t;. Then the joint probability distribution of DBN over all variables can be written as 

P(X(t0lX(t1),X(t2-),-X(tn)) = P(X{t0)) •ltiP(X(ti)\X(ti_1)) (5.2) 

(a) The prior network (b) The transition network G„ 

Figure 5-2 The prior network and transition network 
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In Figure 5-2, there is a transition network (?_> containing the variables inX(^) U X(tl+X). 

Its transition probability distribution is 

P^ (x(t}+1)\X(tj)) = n j l l 1 P^ (Xj(tj+1)\pa (Xj(tJ+1))) (5.3) 

Where pa(xj(t1+i)) denotes the value of the parent node set of x,(t1+i). 

5.2 Dynamic Fire Spread Model in a Building 

The dynamic fire spread model in a building is based on the static fire spread model using 

Bayesian network derived in chapter of this thesis [19]. To simplify the problem, the 

following assumptions are made. 

5.2.1 Basic Assumptions for Dynamic Fire Spread Model 

• Fire spread in the building is subjected to the Markov condition. That is the state 

of a variable of a DBN at time t, depends on its previous state at time tj.i and the 

current states of its parent's variables of the DBN at time t,. 

• If a fully-developed fire has occurred in a compartment, fire can not return to the 

compartment that has already burnt out since there are no combustibles in this 

compartment to support fire ignition and fire growth. 

• Once ignition occurs in a compartment, fire will develop in this compartment 

independently; that is the fire development in a compartment will not be subjected 

to the influence of the fire conditions in its adjacent compartments. 
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• Fire in a compartment can only spread to its adjacent compartments in the 

horizontal direction and adjacent compartments on the upper floor; it is assumed 

that fire spread to compartments on the lower floor can be ignored. 

• The probability of fire spread from a corridor to adjacent compartments can be 

ignored since the fuel density in the corridor is low. Therefore the duration of a 

fully-developed fire is not long enough for heat to penetrate the barrier to an 

adjacent compartment and ignite the combustible inside. 

• When two compartments are separated just by an open door, open window or 

there is no barrier between them, if flashover occurs in one of the compartments, 

the fire will immediately spread to the other compartment. For a large 

compartment such as a hall in a building, the large compartment can be 

considered consisting of several virtual compartments without boundary barriers 

between them. 

• When the doors of two compartments are separated by a corridor, the fire can 

spread from the fire compartment to the other compartment opposite the corridor 

through the doors of these two compartments by radiation heat flux from the hot 

gases in the corridor or in the room. If the door of a compartment is far away from 

the position perpendicular to the door of fire compartment, the radiant heat flux 

from the fire compartment could be too small to ignite the combustible materials 

in other compartment since the two doors could be diagonally far away from each 

other across the corridor. 
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• If flashover could occur in a compartment such as stairwell, elevator shaft, or 

duct, the fire would immediately spread to its upper compartment. 

• The common glass of windows in a compartment is assumed to break and fall off 

once flashover occurs in the compartment. 

5.2.2 The Probability of Fire Spread 

Fire spread from the fire compartment to its adjacent compartment includes two 

processes: 

(a) Heat overcomes the fire resistance of the barrier between the two compartments, 

is transferred to the adjacent compartment, and ignites combustible material 

inside it. 

(b) After ignition, the fire in the adjacent compartment could grow to a fully-

developed fire. 

Therefore, the probability of fire spread from compartment B to compartment A could be 

written as 

P(a\b~) = P(o|oOP(o'|ft)P(ft) (5.4) 

Where: 

P(a\b) = The probability of fire spread from compartment B to compartment A 

P(b) = The probability of a fully-developed fire occurred in compartment B. 
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P(a'\b) = The probability of barrier failure indicating the probability that heat is 

transferred from the fire compartment B to the adjacent compartment A and 

ignites the combustible materials in compartment A. 

P(a\ar) = The probability of fire growth from ignition to a fully-developed fire in 

compartment A. 

In this thesis, it is assumed that both the probability of barrier failure and the probability 

of fire growth to a fully-developed fire follow the properties of a normal distribution 

(ju, tr). The purpose of this assumption is only to show one kind of calculation of the 

cumulative probability of barrier failure and the probability of fire growth to a fully-

developed fire both of which are needed in the fire spread dynamic model. If the 

probability of barrier failure and the probability of fire growth to a fully-developed fire 

follow another kind of probability distribution, the results of the cumulative probability 

of barrier failure and the probability of fire growth to a fully-developed fire could also be 

used as inputs in the fire spread dynamic model. 

The means and standard deviations of the probability of barrier failure and the probability 

of fire growth could change according to different properties of buildings and other 

factors such as the presence of a fire suppression system. 

• The probabilities of barrier failure mainly depend on the severity of fire and 

structures, materials and geometry of the building; 
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• The probabilities of fire growth to a fully-developed fire mainly depend on fuel 

load, ventilation, duration of the fully-developed fire phase and on whether fire 

suppression systems are installed or not. 

If a room has several adjacent fire compartments, heat could be transferred to this room 

simultaneously from all adjacent fire compartments, which will increase the probability 

of ignition of the combustible materials in the room considering the interaction of heat 

transfer to this room from more than one barrier. Assume the compartment A has two 

adjacent fire compartments B and C. The probability of fire spread to compartment A due 

to fire compartments B and C is 

P(a|6,c) = P{a\a')P{a'\b,c)P(b)P(c) + P(a|a')P(a'|ib,c)P(ft)P(c) + 

P(a|a')P(a'|fc,c)POb)P(c) (5.5) 

5.2.2.1 The probability of barrier failure 

There are four principal ways by which fire spreads between compartments. 

• Radiation through a window. If two windows are aligned vertically and the flame 

projecting out of the lower window is high enough to reach to the window of the 

compartment on the upper floor, fire may spread to the upper compartment. 

• Conduction through a wall, ceiling or closed door. 

• Convection through an open door, or window. For example, if the door 

connecting two rooms is open, the fire would spread to the other room 

immediately after flashover occurs in one of the rooms. 
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• Radiation and convection between rooms connected by a corridor. 

The probability density function of barrier failure at the time t can be written as 

P"fW = T^m eXp ( " K* " ' / •) ~ ^f]2/2a2
bf) (5.6) 

The cumulative probability of barrier failure at time t is 

Pbf(f) = ?tfo -^= exp ( - [(t - tf0) - libf\
2/2alf) dt (0 < t - tfo < rfd) (5.7) 

Where: 

tf0= The time of flashover in fire compartment; 

jMty-=The mean time of failure of a barrier linking the fire compartment to an 

adjacent compartment; 

abf= The standard deviation time of failure of a barrier linking the fire 

compartment to an adjacent compartment; 

Xfd = The duration of the fully-developed fire phase in the fire compartment. 

• The calculation of the time of barrier failure 

Mehaffey[ ] used a Japanese fire model to assess the fire resistance of assemblies 

exposed to a post-flashover fire by expressing the severity of the fire in terms of the 

standard ISO 834 fire. The duration of the standard ISO 834 fire that is equivalent in 

severity to the duration of the fully developed ventilation controlled fire is 

Where: 
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req = The equivalent duration of the standard fire test in severity; 

Tfd = Duration of the fully developed ventilation controlled fire; 

P = Parameter of the Japanese parametric model for compartment boundaries, 

(Ks-1'6). 

The parameter |3 of the Japanese Parametric model could be written as 

^ = 3 0 r » ( ^ ) ' / 3 <5-»> 

ATy[kpc = iZiATiiyfk~p~ci (5.10) 

A0jH~0=ZiA0iijH- (5.11) 

Where: 

k; = Thermal conductivity of boundary material i, kW/(m • K); 

pi = Density of the boundary material i, kg/m3; 

C; = Specific heat of the boundary material i, kj/(kg • K). 

In fire safety design, usually the fire resistance ratings of assemblies tested to the 

standard ISO 834 fire are prescribed by the building codes. From this, the fire resistance 

of the assembly to fully-developed fire can be calculated by 

Ti/,j = ™R3/z (5.12) 
1.230/ 

Where: 

TFRR,i = Duration of fire-resistance ratings to the standard ISO 834 fire for 

assembly i; 
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Tbf,i = Duration of fire-resistance to a fully-developed fire for assembly i. 

Based on Equation (5.12), the mean and standard deviation of the fire resistance to a fully 

developed compartment fire for the assembly could be calculated 

A*ft/,i = , p .3/2 (5.13) 
I2I0J 

_ _ <*FRR,i tC1A\ 

<Tbf,i - -y^jz (5.14) 
I230J 

Where: 

HFRRX = Mean of the duration of fire resistance ratings to the standard ISO 834 

fire for assembly i; 

aFRR,i = Standard deviation of the duration of fire resistance ratings to the 

standard ISO 834 for assembly i; 

fibfi = Mean of the duration of fire resistance to a fully developed compartment 

fire for assembly i; 

abf,i = Standard deviation of the duration of fire resistance to a fully developed 

compartment fire for assembly i; 

5.2.2.2 Probability of fire growth to a fully-developed fire 

Once ignition occurs in a compartment, the fire may grow up to a fully developed fire. 

The probability of fire growth to a fully-developed fire depends on the following factors: 

(a) The fuel load: fuel amount and fuel types in the compartment; 

(b) The geometry of the compartment and its ventilation conditions; 
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(c) The availability of a fire suppression system. 

If the maximum heat release rate of the fire in a compartment during the fire growth 

phase is less than the critical value for flashover in the compartment; that is oc(T^.a*)2 

< 750Ao^fH^, flashover would never occur in the compartment. Therefore, the 

probability of fire growth to a fully-developed fire in the compartment is zero. Otherwise, 

flashover can occur in the compartment. The density function of the probability of fire 

growth to a fully-developed fire in the compartment at time t is 

P/d(t) = Tfj^ exP (" K* " O " Pro?/2*}*) • (5-15) 

The cumulative probability of fire growth to a fully-developed fire at time t can be 

calculated by equations below. 

• When flashover does not occur in the compartment 

pf*v> = 4 Tfjmexp (" K£ - '<*) ~ PfofMo) ^ (o < t - tig < T™*) 

(5.16) 

Pfd(t) = 0 Otherwise (5.17) 

• When flashover occurs in the compartment 

Pfdii) = f!lg-^exp ( - [ 0 - tlg) - Hf0f/2a%) dt (0 < t - tlg < xgr + rfd) 

(5.18) 

Pfd(t) = 0 Otherwise (5.19) 

Where: 
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tig= Ignition time in the compartment; 

fif0= Mean of duration for fire to develop from ignition to flashover in the 

compartment; 

CTf0=Standard deviation of duration for fire to develop from ignition to flashover; 

Tmax= jfe maximum duration of fire growth phase in the compartment; 

xgr= Duration of fire growth phase in the compartment. 

The calculation of the mean time and standard deviation for fire to develop from ignition 

to flashover in the compartment 

P-fo = J - ^ (5-2°) 

Jf° ~yj Ml °a ( } 

Where: 

[ia= Mean of the fire growth coefficient for a t fire; 

rja= Standard deviation of the fire growth coefficient for a t2 fire. 

5.2.3 Establish the Dynamic Fire Spread Model 

In large buildings, fire may spread between compartments simultaneously in both 

horizontal and vertical directions. To simplify the fire spread model, fire spread model in 

the horizontal direction and fire spread model in the vertical direction are described 

separately. A detailed description of the application of Bayesian network to simulate fire 
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spread from the compartment of fire origin (Room 1 on the first floor) to a destination 

compartment (Room 6 on second floor) in a two-storey office building is presented. Also 

presented are the general algorithms for the dynamic fire spread model that calculate the 

probabilities of fire spread in a building. 
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Figure 5-3 Floor plan of an office building 

Rl U J R3 U—J R5 

'(R2 J«_/R4^\_yR6^^^E\_^ R9 Rll 

Figure 5-4 General model of fire spread of the building floor 
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5.2.3.1 Fire spread in the horizontal direction on a building floor 

The floor plan of an office building with two-storey is shown in Figure 5-3. Ignoring the 

influence of the corridor on fire spread by assuming there is little fuel in the corridor, the 

general fire spread model of the building floor can be expressed as shown in Figure 5-4. 

The arrows in both directions in the network mean that the general fire spread model can 

deal with all the possible fire spread situations for any fire scenario. Once the 

compartment of fire origin is given, the general fire spread network can be immediately 

converted into a specific fire spread Bayesian network which can be used to calculate the 

probability of fire spread from the initial fire compartment to a destination compartment 

on that floor. A specific example of a fire spread model based on Bayesian network is 

described below. 

To calculate the probability of fire spread from the compartment of fire origin (Rl) to the 

destination compartment (R6), all possible pathways by which fire can spread from Rl to 

R6 need to be found. The fire spread paths can be found using the directed acyclic graph 

(DAG) of the fire spread Bayesian network as shown in Figure 4-5. 
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J R7 J R8 ) J Rio 

0_ R6 \, E U R 9 V, Rn 

Figure 5-5 The DAG of e Bayesian Network for fire to spread from room 1 to room 6 

5.2.4 Fire spreads in the vertical direction in a building 

^ — § > 
4th floor 

3rd floor 

2nd floor 

1st floor 

(a) 

Figure 5-6 (a) A building with four storey (b) The DAG of vertical fire spread 

network of the building 

Assume that there is a four-storey building with only one compartment on each floor as 

shown in Figure 5-6 (a). If a fire starts in a room on the first floor, the network for fire 
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spread in the vertical direction can be expressed as in Figure 5-6(b). The fire could spread 

to the upper floors by two possible pathways, 

• by conduction, heat transfer to the above compartment through the ceiling; 

• by radiation and convection, heat transfer to the above compartment through a 

window due to the external flame projected out of a window in the fire 

compartment. 

5.2.5 Fire spread model of buildings in both horizontal and vertical directions 

Horizontal fire spread I 
<=> 

Vertical fire spread U 

Figure 5-7 Fire spread to a compartment horizontally and vertically 

A fire could spread to a compartment simultaneously in both the horizontal and vertical 

directions as shown in Figure 5-7. The calculation of the probability of fire spread to a 

compartment must consider the interaction among the probabilities of barrier failure 

when heat is transferred to the compartment horizontally from adjacent compartments 

and vertically from the compartment on the lower floor through the ceiling or window. 
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For the two-storey office building shown in Figure 5-3, assume that there is a fire in room 

Rl on the first floor. We want to determine the probability of fire spread from Rl to room 

R6 on the second floor. First the general fire spread compartment network (DAG) for the 

building has to be converted into a specific Bayesian network as shown in Figure 5-8. To 

simplify the problem, it is assumed that the probability of barrier failure in the vertical 

direction for every room has the same density distribution. Then in this model, every 

floor will have the same DAG of Bayesian network. Based on the Bayesian network of 

Figure 5-8, the probability of fire spread at each time slice from the compartment of fire 

origin room Rl on the first floor to the room R6 on the second floor can be calculated by 

using the algorithm of the dynamic fire spread model described below. 

Figure 5-8 Bayesian network of fire spread from room Rl on the first floor to 

room R6 on the second floor 
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Start 

1 
Read input data of a building and assign number to each compartment 

+ 
Read the input data of each compartment 

* 
Calculate duration of each fire phase for a compartment 

Set the initial conditions of a compartment, simulation duration and time step 

No 

Calculate the probability of barrier failure 

Calculate the probability of ignition 

Calculate the probability of fire growth 

Calculate the probability of fire spread 

No 

( Stop j 

Figure 5-9 Flow char of dynamic Bayesian network 
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5.2.6 Algorithm for Dynamic Fire Spread Model of Bayesian Network 

The flow chart for modeling dynamic fire spread in buildings based on dynamic Bayesian 

network is shown in Figure 5-9. The algorithm for the dynamic fire spread in buildings 

based on dynamic Bayesian network which can be used to calculate the dynamic 

probability of fire spread and fire spread simulation in the building, is described in Figure 

5-9 and Table 5-1. 

Table 5-1 Algorithm for dynamic fire spread model 

1. Set the initial conditions for the compartments and input data for the dynamic fire 

spread model 

Total simulation time tn = T, each simulation time step dt= T/n 

Set a very large time number h =2T 

1) Assign a room number to each compartment 

2) Initial setting for all compartments 

Plg(i,j)=0,tlg = b; Pfo(t,)=0, tf0 = h No fire (dormant phase) 

3) Input initial condition of compartment of fire origin 

i. PIg (/', j) =1, tlg = 0 ; Pfo (O=1 , tfo = 0 Assume flashover occurs in fire 

compartment 

ii. Plg (i, j)=1, tlg = 0 ; Pfo (tt) =0, tf0 = h if only ignition occurs in 

compartment and no flashover occurs 
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4) Calculate the duration of fire burning for all compartments 

i. duration of fire growth phase 

ii. duration of fully-developed fire phase 

2. Simulation at time slice tt (t0<tl <tn) 

2.1. Calculate the probability of barrier failure from the fire compartment to its 

adjacent compartments 

1) Loop through all floors: j = 1, the total number of floors in the building 

(Nfloor) 

2) Loop through all compartments: i = 1, the total number of compartments in a 

floor (Nroom) 

3) Check whether a fully-developed fire occurs in compartment (ij); 

a) if tf0 (i,f) > ti, flashover did not occur in compartment (i,j), go to next i; 

b) if tj — tf0(i,j) > Xfd(i,j), decay occurred in compartment (ij), go to next 

i; 

4) if 0 < tj — tf0(i,j) < Xfd(i,j), then calculate the cumulative probability of 

barrier failure between this compartment (i j ) and its adjacent compartments at 

time tt in the horizontal direction (same floor j) 

a) Loop through all compartments: k = 1, the total number of compartments 

in a floor 
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b) Check whether there is a barrier linking compartment i and k 

c) If no, next k 

d) If yes; check whether decay occurred in the adjacent compartment (k, j), 

U - tf0(k,j) > xfd(k,j). If yes, next k 

e) If no (tt — tf0(k,j) < Xfd(k,j)), check kind of barrier linking 

compartments 

f) Calculate the cumulative probability of barrier failure Pbf(k, i,j) due to 

fire spread from compartment i to compartment k using equation (5.7) 

g) go to next barrier k 

5) Calculate the cumulative probability of fire ignition in compartment (i, j) due 

to fire spread from its adjacent compartments in the vertical direction 

Pbf(0,i,j + 1) 

a) Check whether it is the top floor of the building j=Nfloor 

b) If no, then check whether flashover occurred in the adjacent compartment 

on the floor above 

c) If no, then check the kind of barrier between the two compartments 

d) If Vlink(ij)=0 (there is no barrier between the two compartments), 

Pbf(0,i,j + l) = lnex t i 

e) Calculate the cumulative probability of barrier failure (ceiling) 

Pbf(0, i,j + 1) due to fire spread from compartment (i, j) to the 
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compartment above (i, j+1) at time tt through the ceiling using equation 

(5.7) 

f) If Vlink(i,j)=l (heat transfer through the ceiling only) next i 

g) If HFlame(ij) < H(i,j) (flame height above window < separation distance 

between the two windows in the vertical direction), next i 

h) If Vlink(i,j)=2 (flame height above window > separation distance between 

the two windows in the vertical direction), calculate Pbf (the cumulative 

probability of barrier failure due to heat transfer to the above compartment 

through a closed window) using equation (5.7), 

i) then calculate total probability of barrier failure Pbf(0, i,j + 1) = 

Pbf(0, i,j + 1) + P - Pbf(0, i,j + 1) x P, next i 

j) If Vlink(ij)=3 (flame height above window > separation distance between 

the two windows in the vertical direction), Pbf(0, i,j + 1) = 1 (heat 

transfer to above compartment through open window) 

6) Nexti 

7) Nextj 

2.2. Calculate the probability of fire ignition P (i, j) 

1) Loop through all floors: j = 1, the total number of floors in the building 

2) Loop through all compartments: i = 1, the total number of compartments in 
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a floor 

3) If flashover tt > tf0(i,j), Pig(i,j) = 1 go to next compartment i 

4) Else Ptg(i,j) = Pbf(P,i,j)xP(i,j-l) 

5) Include the probability of fire ignition in the compartment due to fire spread 

from the adjacent compartments at time /, in the horizontal direction 

a) Loop through all compartments: k = 1, the total number of 

compartments in a floor 

b) Check whether flashover occurred in the adjacent compartment (k, j) 

c) If yes, calculate the probability of fire ignition using equation 

PigihD = Pig&D + PbfiUkJ) X P(k,j) + Pig(i,j) X Pbf(i,k,j) X P(k,j) 

d) go to next k 

8) If tlg (i, j) < tt, ignition already occurred in this compartment, go to next i 

9) If tlg (i, j) > t, generate a random number R 

10) if R > Plg (tt), ignition will not occur, go to next compartment i 

11) if R < Plg (tt), ignition will occur, set tlg (i, j) = t, 

12) Next i 

13)Nextj 

2.3. Calculate the probability of fire growth to a fully-developed fire Pfd(i,j) 
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1) Loop through all floors: j = 1, the total number of floors in the building 

2) Loop through all compartments: i = 1, the total number of compartments on a 

floor 

If tlg (i, j) >t,,go to the next compartment i, (this compartment (i, j) is not 

ignited yet) 

If tlg (i, j) < tt, ignition occurred in this compartment, then 

a) if tfo (i, j) < t,, flashover occurred in this compartment, calculate Pfd (i,j) 

the cumulative probability of fire growth at time slice tt using equation 

(5.16-5.18), go to the next compartment i; 

b) if tfo (i, j) > tt, flashover did not occur in this compartment, calculate 

Pfd(i,j) the cumulative probability of fire growth at time slice?, using 

equation (5.16-5.18), then generate a random number R; 

c) if R > P/d(i,y), flashover will not occur, go to next compartment i; 

d) if R < Pfd (i,j), flashover will occur in this compartment, set tfo (i, j) = r,. 

3) Next compartment i 

4) Next floor j 

2.4. Calculate the probability of fire spread to compartment (i, j) 

1) Loop through all floors: j = 1, the total number of floors in the building 
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2) Loop through all compartments: 

floor 

i = 1, the total number of compartments on a 

3) Calculate the probability of fire spread to compartment (i, j) using equation 

P(i,fl = Pig(.i,DxPfd(UJ) 

4) Nexti 

5) Nextj 

3. Next time slice tt 

5.3 Example 

Consider a two-floor office building with only one window in each office room, whose 

floor plan is shown in Figure 5-3. Assume that the heat release rate of fire during the 

growth phase follows a slow t-square fire. If a fire starts in Room 1 on the first floor, 

what is the probability of fire spreading to Room 6 on the second floor? 

Case 1: all doors of the compartment are closed during the fire spread process; 

Case 2: the doors of Room 5 and 8 are open and all other doors are closed during the fire 

spread process. 

Steps of calculation: 

1. First a compartment number is assigned to each compartment on each floor of the 

building as shown in Figure 5-10. 
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Figure 5-10 The assigned number for each compartment of each fioor 

2. Read input data for the simulation 

Total simulation time: 480 min 

Each simulation step time: 1 min 

Ambient temperature: 20°C 

3. Read the input data of the compartments 

• Office room: 

Dimension: 4 x 5 x 3 m (W x D x H) 

The fuel density: mean = 24.8 kg/m2; standard deviation =8.6 kg/m2 [25]. 

Heat of combustion of fuel Hch= 12.4 KJ/g [27] 

Fire growth parameter: a = 0.0029 kW/s2 (slow) 

• Window: 

Dimension: 1.0 m x 1.0 m (W x H), 

Material: common glass; 



Fire resistance rating to IS0834 fire: mean=2 min, standard deviation =0.3 min 

(assumed). 

Door: 

Dimension: 1.0 m x 2.0 m (W x H), 

Material: wood; 

Fire resistance rating to IS0834 fire: mean=10 min, standard deviation =1.5 min 

(assumed). 

Wall & ceiling: 

Material: Gypsum board Jkpc = 0.742 kJ/m2s05K [25] 

Fire resistance rating to IS0834 fire: mean = 60 min, standard deviation = 9 min 

(assumed). 

Floor: 

Material: normal weight concrete ^kpc = 2.192 kJ/m2s05K [25] 

Fire resistance rating to IS0834 fire: mean = 90 min, standard deviation =13.5 

min (assumed). 

Stairwell: 

Dimensions: 5 x 3 x 3 m ( W x D x H ) 

The fuel density: mean =0 kg/m2, standard deviation =0 kg/m2. 

Elevator/Duct: 

Dimensions: 4 x 5 x 3 m (W x D x H) 
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• 9 9 

The fuel density: mean =0 kg/m , standard deviation =0 kg/m . 

4. Output of compartment fire model used as input data for fire spread model: 

a) Fire growth phase: 

Maximum duration of fire growth phase (if all fuel will burn during the fire 

growth phase without flashover) 
umax =

 3J3ufAFHch = ^ ^ = 3 Q g g ^ 

amax = 3 / 3 A p H ^ 2 f = 2 1 4 s = 3 5 7 m . n 

9T -vj a(uf)
2 3 

The duration from ignition to flashover in the room 

Mean \Lf0 = J 7 5 0 / W"° = 508 s = 8.48 min 

Standard deviation oy0= 0.15/^o=1.27 min (Assumed) 

b) The fully-developed fire phase 

Check the fire regime during fully-developed fire phase: 

1 f) 

= 0.0155 < 0.07 m" (the fully-developed fire is ventilation controlled) <pwAp 

Duration of fully-developed fire phase: 

Mean ufd = 1 0 . 6 - ^ = =5258 (s) = 87.6 min 

Standard deviation afd = 10.6 y ^ = =1823 (s) = 30.0 min 

The mass burning rate for the ventilation controlled fire: 



(1 - e-°036")A0VHo 
mv = 0.18- v = 0.349 kg/s 

JD]W 

Flame height above soffit of window: 

frh \ ^ /3 

z = 12.8 (—- J — H0 = 2.70 m, therefore the fire can spread to the room on the 

floor above by both window and floor 

c) The Japanese Parametric model: 

The parameter B = 3.0T0 ( j 2 ^ ) = 190.57 Ks'1'6 

the mean and standard deviation of fire resistance to fully-developed fire can be 

calculated by equation 5-12 

• Window: Mean=2.65 min, Standard deviation 0.40 min; 

• Door: Mean=13.26 min, Standard deviation = 1.99 min; 

• Wall & ceiling: Mean=79.56 min, Standard deviation = 11.93 min; 

• Floor: Mean=l 19.33 min, Standard deviation = 17.90 min. 

5. The output of two cases based on the results of the dynamic fire spread model: 

a) Case 1: all doors are closed during fire spread process 

• Based on the calculation of the fire spread model, the ignition time and flashover 

time in each compartment are listed in Table 5-2. 



89 

Table 5-2 The ignition and flashover time in compartment for case 1 

Floor 
No. 

Compartment 

Rl 

R2 

R3 

R4 

R5 

R6 

R7 

R8 

R9 

RIO 

Rl l 

E 

SI 

S2 

Ignition 
time T^ 
(min) 

0 

26 

70 

100 

135 

167 

208 

278 

312 

341 

376 

231 

69 

416 

Flashover 
time Tfo 

(min) 

0 

34 

78 

107 

142 

176 

217 

285 

320 

350 

385 

NF 

NF 

NF 

Floor 
No. 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Compartment 

Rl 

R2 

R3 

R4 

R5 

R6 

R7 

R8 

R9 

R10 

Rl l 

E 

SI 

S2 

Ignition 
time t,g 
(min) 

3 

36 

82 

111 

146 

179 

219 

289 

318 

353 

384 

248 

88 

431 

Flashover 
time tfo 

(min) 

12 

44 

92 

120 

155 

188 

227 

297 

328 

362 

393 

NF 

NF 

NF 

• The graphs of probability of fire spread during the fire growth phase for three 

adjacent compartments of Room 1 on the first floor and the graph of the 

probability of fire spread during the fire growth phase of Room 6 on the second 

floor are plotted in Figure 5-11. 
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Figure 5-11 Cumulative probability of fire spread in the compartment during fire 

growth phase 

Analysis of the simulation results of fire spread in a building by assuming that a 

flashover fire occurs in Room 1 on the first floor: 

i. Fire spread to Room 6 on the second floor: 

• The ignition time is 179 min and flashover time is 188 min in Room 6 on the 

second floor after a flashover fire starts in Room 1 on the first floor (time 

simulation started); 
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• The cumulative probability of fire spread to Room 6 on the second floor is 

zero before 179 minutes and reaches one after 194 minutes of the simulation 

time. 

ii. Fire spread from Room 1 on the first floor to its adjacent rooms: 

• Fire spread from the Room 1 on the first floor to Room 2 on the first floor is 

due to barrier failure of two closed doors across the corridor. The ignition time 

in Room 2 is 26 min and flashover time is 34 min after a flashover fire started 

in Room 1; 

• Fire spread from Room 1 on the first floor to Room 3 on the first floor is due 

to barrier failure of the wall connecting the two rooms. The ignition time in 

Room 3 is 70 min and the flashover time is 78 min after a flashover fire 

started in Room 1; 

• Fire spread from Room 1 on the first floor to Room 1 on the second floor is 

due to barrier failure of window glass due to exterior flames. The combustible 

material in Room 1 on the second floor is ignited by radiation and convection 

heat flux from the external flame projecting out of the window of Room 1 on 

the first floor. The ignition time in Room 1 on the second floor is 3 min and 

flashover time is 12 min after a flashover fire started in Room 1 on the first 

floor. 



92 

• Comparing three different kinds of pathways of fire spread in this example 

shows that fire spreads to a room directly above through windows is much 

faster that other pathways for this building, 

b) Case 2: the doors of Room 5 and 8 are open and all other doors are closed. 

1. Based on the results of the fire spread model, the ignition time and flashover time 

in each compartment in case 2 are listed in Table 5-3. 

Table 5-3 The ignition and flashover time in compartment for case 2 

Floor 
No. 

Compartment 

Rl 

R2 

R3 

R4 

R5 

R6 

R7 

R8 

R9 

RIO 

Rl l 

E 

SI 

S2 

Ignition 
time T,g 

(min) 

0 

26 

60 

94 

137 

158 

206 

267 

288 

341 

354 

223 

59 

418 

Flashover 
time Tfo 
(min) 

0 

34 

70 

104 

146 

167 

214 

275 

296 

349 

363 

NF 

NF 

NF 

Floor 
No. 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Compartment 

Rl 

R2 

R3 

R4 

R5 

R6 

R7 

R8 

R9 

RIO 

Rl l 

E 

SI 

S2 

Ignition 
time t,g 

(min) 

3 

33 

72 

100 

140 

161 

212 

278 

297 

354 

359 

237 

75 

431 

Flashover 
time tfo 

(min) 

11 

43 

80 

109 

149 

169 

221 

285 

306 

363 

369 

NF 

NF 

NF 
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2. The graphs of the probability of fire spread during the fire growth phase of Room 

6 on the second floor for both cases are plotted in Figure 5-12. 

Room 6 at 2nd Floor 
1.2 

<s 
<U 
a . 

a. 
</> 

o 
J" 
'3 
2 
o 

U',5 

•Case 1 

•Case 2 

Simulation time (min) 

Figure 5-12 Probability of fire spread during fire growth phase 

3. Comparing Table 5-2 and Table 5-3 and Figure 5-12, the time needed for fire to 

spread from Room 1 on the first floor to Room 6 on the second floor in Case 2 is 

less than that in Case 1. The opening of a door has an influence on the fire spread 

process. 
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Chapter 6 

Conclusion of Modeling Fire Spread in Buildings 

6.1 Summary of the Study of Modeling Fire Spread in Buildings 

A fire spread model of a building is a key factor of a fire risk analysis used for fire safety 

designs of large buildings. The probability of fire spread from the compartment of fire 

origin to other compartments in the building in conjunction with smoke conditions in the 

building is required to calculate the expected risk to life and expected losses in a building 

during a fire. The results of a fire spread model can also be used to determine fire 

protection strategies for buildings. In this work, the following research has been 

conducted to study fire spread in buildings: 

1. A static fire-spread model has been developed to calculate the fire spread 

probability from the fire compartment to other compartments using a Bayesian 

network. This model overcomes the drawbacks of previous models and can be 

used to calculate fire spread in large buildings. To demonstrate the use of the 

model to calculate fire spread from the compartment of fire origin to a remote 

compartment in a building, two cases were considered: one without a sprinkler 

system and one with a sprinkler system installed in the building. The results show 

that sprinklers reduce fire spread significantly in the building. 
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2. Fire spread in a building is a dynamic process. Knowledge of the probability of 

fire spread with time is very important for a risk analysis. For this, a dynamic fire 

spread model has been developed. The dynamic fire spread model is built on 

concepts used in the static fire spread model and the dynamic Bayesian network. 

The fire spread dynamic model can be easily used for any building including 

high- rise buildings. In addition, the formulae for calculating the input data for the 

dynamic fire spread model were derived. The developed model is able to compute 

the following: 

• The probability of fire spread from the compartment of fire origin to any 

other compartment in the buildings at each time step 

• The time of ignition in each compartment 

• The time of flashover in each compartment 

• The time of fire decay in each compartment 

6.2 Further Study 

To improve the model of fire spread in buildings the following research is recommended: 

• Perform a statistical analysis of the probability distribution of barrier failure for 

different kinds of assemblies and different fire spread pathways, and the 

probability distribution of fire growth to fully-developed fire in different kinds of 

compartments; 
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• Perform an experimental study of the probability of barrier failure for different 

kinds of assemblies. 

• Undertake an experimental study and computer simulation of the standard 

deviation of fire growth coefficient for t2 fires; 

• Carry out experiments to verify Equation (5.12); 

• Perform a statistical analysis, experimental study and computer simulation of the 

standard deviation of fire resistance ratings to IS0834 fire for different kinds of 

assemblies; 

• Carry out a statistical analysis, experimental study and computer simulation on 

the impact of a sprinkler system on probability distribution of fire growth to fully-

developed fire in different kinds of compartments. 
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PART 2 

MODELING OF FIRE SPREAD FROM THE FIRE BUILDING TO 
ADJACENT BUILDINGS 
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Chapter 7 

Introduction of Modeling of Fire Spread from the Fire 

Building to Adjacent Buildings 

7.1 Motivation 

During a fire, flame may project out of windows/openings emitting radiation and 

convection heat flux to the surroundings. Accompanying the hot gases, flying brands 

from the fire may land on nearby buildings. When the temperature of the exposed 

combustible materials of adjacent buildings is raised high enough by the heat flux coming 

from the fire building, combustible materials will ignite and fire will spread to adjacent 

buildings. Occasionally a disastrous conflagration may occur within a community. When 

there is no wind and the distance between buildings is larger than the flame projection 

distance, the convective heat flux is very low compared to the radiative heat flux because 

of the rapid decrease of the hot gas temperature with increasing horizontal distance from 

the opening. Therefore, the study of fire spread between buildings can focus on the 

radiative heat flux from the fire building. 
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7.2 Review of Historical Studies 

The study of spatial separation between buildings to prevent fire spread between 

buildings has been conducted for more than 50 years [31"51]. The main reason for fire 

spread between buildings is that radiation heat flux coming from a fire building exceeds 

the critical ignition heat flux of combustible materials on an external wall of an adjacent 

building. The radiation heat flux received by the wall of the adjacent building in turn is 

affected by the characteristics of the fire, including the projecting flames out of the 

window and the window size. A number of experiments have been conducted to study 

radiation from fire buildings pl"37]; however the results of these studies are not consistent. 

For example, the experimental results of the St. Lawrence burns [32 ] showed that a major 

part of the radiation comes from the flames projecting outside the windows, however 

Law [33'34] stated that the contribution of radiation heat flux due to projecting flames out 

of the window was not significant and could be ignored. In addition, the value of 

emissivity of the external flames is an important parameter and needs to be known in 

order to calculate the radiation heat flux to adjacent buildings. A number of studies have 

been conducted[38'39'40], however further research is needed to determine an appropriate 

value of emissivity that can be used for practical engineering applications. 

Based on experimental studies, several engineering methods [41"51] have been presented to 

calculate a safe separation distance between buildings for practical applications. Carlsson 
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and Olsson [52] did a literature review of studies on developing engineering methods. 

Some studies combined a number of openings into a single radiator according to the 

percentage of opening on the external wall. Some studies proposed charts, tables or 

simplified formulae to calculate the configuration factor from the fire building to the 

target building or safe separation distance between two buildings. The shortcomings of 

these engineering methods are: 

• There is no background or detailed description of how these tables or graphs were 

derived. 

• There is no universally accepted method to design buildings against fire spread 

between buildings. Different methods may result in different results. 

7.3 Scope and Objectives of Study 

To address these problems, an experimental investigation was conducted at the full-scale 

fire research laboratories of the National Research Council of Canada (NRCC). The aim 

of this study was to document the radiation heat flux distribution on a target wall when 

exposed to radiation emitted from flames projecting out of a window. Twelve fire 

experiments were conducted using a compartment with one window. Three different 

window sizes were considered by varying the width of the window while maintaining the 

same height. Other factors considered include the fuel type and size, and separation 

distance between the external wall of the fire building and a target wall. For each window 
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size, four experiments were conducted using three separation distances and two different 

fuels (propane and wood cribs). 

Based on previous studies of spatial separation distance between buildings, a model of 

calculating a safe separation distance between buildings using configuration factors is 

proposed. This model is developed using the three basic types of relationships that exist 

between a rectangular opening and a point on a parallel surface. Corresponding formulae 

to calculate the configuration factors are proposed. By summing the configuration factors 

for each window or opening to the target point, the configuration factor for buildings with 

multiple openings to a target point can easily be calculated even for buildings with an 

irregular distribution of windows, different sizes of openings and openings having a 

recessed portion. The algorithms searching for the position and value of the maximum 

configuration factor between a fire building and an external wall of its adjacent buildings 

are presented. Once the severity of the hazardous conditions of a fire building is known, 

the minimum safe separation distance between two buildings can easily be found by 

letting the maximum configuration factor equal the critical configuration factor, which is 

defined as the configuration factor that yields the critical heat flux that could ignite the 

combustibles on the target wall. 

Using the theory of post-flashover fires in a compartment, the results of the full-scale fire 

tests and the modeling the configuration factor described above, a model is proposed for 



calculating the acceptable separation distance between buildings. This model calculates 

the maximum heat flux from a fire building to the external wall of an adjacent building. 

Once the critical ignition heat flux of the combustible material of an adjacent building is 

known, the minimum separation distance required between the buildings can be 

determined by letting the maximum heat flux equal the critical ignition heat flux by 

computer programming. 



Chapter 8 

Literature Review of Modeling Fire Spread from the Fire 

Building to Adjacent Buildings 

8.1 Experimental Study of Radiation from Fires in Buildings 

8.1.1 Bevan and Webster [31] 

The intensity of radiation falling on an exposed surface from a fire was proposed as 

/ = tpeT* (8.1) 

Where: 

I = Intensity of the radiation (W/m2); 

(p = Configuration factor; 

£ = Emissivity of the radiating surface; 

T= Absolute temperature of the radiating surface, (K). 

For parallel buildings, the configuration factor can be calculated by 

Sd2 

<t> = ̂  (8-2) 

Where: 

S = Area of each window, (m2); 

d = Distance between two buildings, (m); 
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1 = Distance between the center point of the exposing window and a target point, 

(m). 

A gold disc thermocouple was used to find the relationship between the configuration 

factor and the temperature attained by the exposed surface of the adjacent building. The 

temperature of the fire building was assumed to be 1000°C. Based on the experiments, 

the following conclusions were made: 

• The maximum temperature to which timber could safely be heated was 150°C and 

the corresponding critical configuration factor is 0.056. If the configuration factor 

from a fire building to a target building is less than 0.056, the fire can not spread 

from the fire building to the target building. 

• The temperature on the gold disc which was placed behind the glazing was 

approximately half of that when the gold disc was directly exposed to radiation. 

Therefore, the critical configuration factor for fire building to a building having 

no combustible material on the external wall and fire-resisting glazing is 0.16. If 

the configuration factor from a fire building to a target window is less than 0.16, 

the radiation from the fire building cannot ignite combustible materials behind the 

window in the target building. 

8.1.2 Shorter, McGuire, Hutcheon and Legget[321 

In January and February 1958, a number of controlled burning experiments (called St. 

Lawrence Bums) were conducted by the Division of Building Research, National 
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Research Council of Canada. These experiments included six dwellings and two large 

buildings. One of the objectives of these experiments was to study the spread of fire by 

radiation between buildings. Three or four radiometers were mounted on movable stands 

in each experiment. The radiometers near the fire buildings were mounted at a height of 

15ft (4.57 m) for the dwelling tests and at a height of 20 ft (6.10 m) for the large building 

tests. The radiometers were distributed at 10, 15, 20, 30 or 40 ft (3.05, 4.57, 6.10, 9.14 or 

12.20 m) away from the fire building. In general, two radiometers were located at the 

leeward side of a building and one on the windward side. One radiometer, called a 

pyrometer, was mounted on a tripod in front of a window to measure the intensity of 

radiation (Io) at the window opening. 

The intensity of radiation (Io) was calculated by the equation 

/ „ = £ (8.3) 

Where: 

I = Measured intensity, (W/m2); 

O = The configuration factor between the window opening and the radiometer 

location 

The following conclusions were drawn based on the analysis of the experimental data 

• The maximum intensity of radiation from the leeward opening of the building 

could be 40 cal cm'V1 (1670 kW/m2) for the buildings with high flammable wall 
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linings, and 20 cal cm'V1 (840 kW/m2) for other buildings with noncombustible 

linings. 

• The measured maximum temperature in the compartment was 1000°C. The 

corresponding intensity of radiation was 3.6 cal cm'V1 (151 kW/m2). Compared 

with the above values of radiation, it was known that only a small radiation was 

contributed from the window opening, with a major contribution coming from the 

flames projecting outside the window. 

• The maximum intensity of radiation occurred at least 16 minutes after ignition. 

Comment on the experimental results of the St. Lawrence Burns 

In the St. Lawrence Bums, the maximum intensity of radiation from the leeward 

opening of the building was estimated to be 1670 kW/m2 for the buildings with high 

flammable wall linings or 840 kW/m2 for other buildings with noncombustible 

linings. Because these numbers are not realistic, one-fifth of these values are used in 

the calculation of spatial separation of buildings 

8.1.3 Law [33'34'391 

In 1963, Law conducted some spatial separation experiments between buildings and 

concluded that 

• The impact of radiation heat flux due to the projecting flame out of the window 

can be ignored. 
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• For fires with restricted ventilation, the intensity of radiation from the 

compartment fire for the majority of buildings would reach 4 cal cnrV1 

-y 

(167kW/m ), corresponding to temperatures less than 1100° C in the fire 

compartment. For a compartment with a ventilation factor A0TJYQ < 5.5 m5/2, the 

intensity of radiation from the compartment fire would have a smaller value due 

to the reduced size of the window, but its effect on separation distance can be 

disregarded. 

• For a fuel controlled fire or a fire with a fuel load density less than 25 kg/m2, the 

intensity of radiation from compartment fire was about 2 cal cm'V1 (84 kW/m2), 

corresponding to temperatures less than 800°C in the fire compartment. 

• The intensity of radiation emitted by a fire to a point on a vertical facade facing 

the building on fire should not exceed the minimum value for pilot ignition. The 

minimum value for pilot ignition for wood equals 0.3 cal crn'V1 (12.5 kW/ m2) 

which is used as the critical heat flux for exposed buildings. 

In 1968, Law again carried out a series of full-scale fire tests to investigate the levels of 

radiation from fires in a compartment with dimensions of 7.7 x 3.7 x 3 m (widthx depthx 

height). Two identical windows with a distance of 0.7 m separating them and three 

window sizes with total area of 11.2 m2, 5.6 m2 and 2.8 m2 were used. The amount of fuel 

in the compartment was distributed with densities of 7.5, 15, 30 and 60 kg/m2, with 

corresponding total wood crib was 218, 436, 873 and 1744 kg in the compartment. To 
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measure the radiation from the fire and the heat flux contributed by the projecting flames, 

two radiometers were set up 4.6 or 6.1 m away from the compartment facing the point 

midway between the two windows. One of them was shielded from the flames above the 

window so that only the radiation from the window could be measured, and the other was 

unshielded and measured the total radiation coming from both the window and the flames 

above the window. The effective intensity of radiation (Io) in the plane of the window 

from the compartment was used to compare the reading for the two compartments. 

Based on the analysis of experimental data by Law, the following conclusions were 

made: 

• Higher fire loads would not lead to higher intensity of radiation since the burning 

rate depends on the ventilation and not on fire load. 

• A combustible fiber insulating board lining on walls and ceiling can increase the 

maximum intensity of radiation by up to 15%. 

• A non-combustible fiber insulating board lining on walls and ceiling can increase 

the intensity of radiation only for the tests with a low fire load. 

• The distribution of the fire load had no effect on the intensity of radiation. 

• The maximum intensity of radiation emitted from the opening had a close 

relationship with the maximum temperature within the compartment. 
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• For any fire load, the intensity of fire and radiation radiated from the window for 

the tests with a window size of 11.2 m2 are less than those for the tests with a 

-y 

window size of 5.6 m . 

• For the tests with a window size of 11.2 m , the intensity of radiation radiated 

from the flame above the window was not significant. For the tests with the 

•y 

window size 5.6 m , the intensity of radiation radiated from the flame above the 

window was significant as it contributes up to 20% of the total value. For the 

tests with the highest fire load (1744 kg), the effect of the flames above the 

window is significant up to 5% of total intensity of radiation and the influence of 

the window size was not significant. 

In her report, Law (1968) also mentioned the work done by Webster and Smith (1964). 

Webster and Smith conducted a full scale test in a 2.4 m cubical compartment with one 

side totally open. It was estimated that about two percent of the total amount of the 

received radiation was contributed by the flames above the opening. 

8.1.4 Lin [35] 

Full-scale experiments were conducted in a two-story building to study the fire spread 

between buildings by radiation from the compartment of fire. Dimensions of the room on 

the lower floor were 2.64 x 3.64 x 3.00 m and dimensions of the room on the lower floor 

were 2.64 x 3.64 x 2.93 m. The experiments explored the impact of opening of door 
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(0.75 x 1.8 m) on the spread behavior of a fire in a single room and in upper/lower rooms. 

Three kinds of load densities of wood crib were used to do the fire experiments: 15 

kg/m2; 25 kg/m2; and 40 kg/m2. The compartment fires with fire loads of 25 kg/m2 and 40 

kg/m2 were ventilation controlled fire. Based on the experiments, the following 

conclusions were drawn 

• For single-room fires, when the window and door were open, the values of the 

room temperatures, window temperatures, heat fluxes were higher than those 

when the door was closed. 

• For two-room fires, when the door of the upper room was closed, the plume out of 

the lower room entered the upper room with fresh air. When the door in upper 

room was open, the door would supply the fresh air for combustion and the flame 

out of the lower room could not enter the upper room. 

8.1.5 Chen and Francis [36] 

33 small-scale fire experiments were conducted to study the radiation heat flux to an 

external surface from the escaping flame out of an opening. A tenth-scale compartment 

with internal dimensions of 0.60 m long by 0.34 m wide by 0.36 m high was used in the 

fire experiments. Based on the experimental results, it was estimated that about 19% of 

radiation was from the external flames. 
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8.2 Calculation of Acceptable Separation Distance between Buildings 

8.2.1 Law133'39'40'411 

Based on the analysis of experimental results, Law concluded that 

• The impact of radiation heat flux due to projecting flames out of the window can 

be ignored. 

• For fires with restricted ventilation, the intensity of radiation from the 

•y 

compartment fire for the majority of buildings could reach 167kW/m , 

corresponding to temperature of less than 1100°C in the fire compartment. For a 

building with a ventilation factor of less than 5.5 m5/2, the intensity of radiation 

from the compartment fire would have a smaller value due to smaller window, but 

its effect on separation distance was not significant and can be ignored. 

• For fuel controlled fires or fires with load density of wood less than 25 kg/m2, the 

•y 

intensity of radiation from the fire compartment was about 84 kW/m , 

corresponding to a temperature of less than 800°C in the fire compartment. 

• The intensity of radiation received at a point on a vertical facade facing the 

building on fire should not exceed the minimum for pilot ignition. The minimum 

value for pilot ignition for wood is 12.5 kW/ m2 which is used as the critical heat 

flux for the exposed buildings. 
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Based on the above conclusions, the configuration factor of the fire building to an 

external wall of the adjacent building can be stated as 

0n = £ 0 * = ^ (8.4) 

Where : 

0 n = The configuration factor of the fire building to a point on an external wall of 

the adjacent building 

0i = The configuration factor of opening i of the fire building to a point on an 

external wall of the adjacent building 

Io = Intensity of radiation at the source 

I = Intensity of radiation at the receiver 

From the above equation, it can be found that, the critical configuration factor is 0.15 for 

fire load density of equivalent wood less than 25kg/m2, the critical configuration factor is 

0.075 for fire load density greater than 25kg/m2. 

Once the critical configuration factor is chosen based on the characteristics of the 

buildings, the calculation of separation distance between buildings becomes a purely 

geometrical problem which can be solved by the approach discussed by Bevan and 

Webster[ . Therefore Law presented two engineering methods, graphical determination 

and experimental determination, to calculate the acceptable separation distance between 

buildings described below. 
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8.2.1.1 The graphical determination method 

For a building with only one radiator, Law presented a graph in which there are several 

curves based on the relationships of the configuration factor, the ratio of width to height 

of the radiator, and the ratio of separation distance between buildings to the width of the 

radiator. Once the former two factors are known, the other can be found from the figure 

and the separation distance between buildings could be calculated. 

For a building with a multiple openings, Law simplified the external wall of the building 

as one radiator and presented two charts, one for a critical configuration factor of 0.15 

•y 

and fire load density less than 25 kg/m , and the other for a critical configuration factor is 
-y 

0.075 and fire load density greater than 25 kg/m . With the ratio of width to height of the 

radiator and the percentage of the area of the opening to the radiator, the ratio of the 

separation distance between two buildings to the width of the radiator could be found 

from the graph; then the separation distance between buildings can be calculated. 

8.2.1.2 The experimental determination method 

In this method, the configuration factor for an elevation is approximated by an optical 

analog which uses the similarity between the transmission of light and thermal radiation. 

\ Y / 
o£7v 

P 

y - Radiator 

(extending to infinity 

perpendicular to paper) 
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The configuration factor can be calculated by 

0 = ~ (c°s<* + cosB) (8.5) 

When the maximum configuration factor of an elevation equals the critical configuration 

factor, the calculations of the separation distance opposite the center of the radiator and 

the separation distance opposite the edge of the radiator are proposed according to the 

value of the configuration factor. For the elevation with multiple openings, two tables 

were presented based on the percentage of the window area to the external wall. This 

method can be also used for elevations with uneven distribution of openings, elevations 

with widely spaced openings and elevations with a set back. 

8.2.2 McGuire142'43'441 

McGuire summarized the experimental results of the St. Lawrence Bums. It was found 

that the maximum intensity of radiation from the leeward openings could be as high as 

1670 kW/m2 (40 cal cm'V1) for the buildings with high flammable wall linings, and 840 

kW/m2 (20 cal crn'V1) for buildings with noncombustible linings. Though the fires had 

been arranged to develop very rapidly, the intensity of radiation could not exceed one 

fifth of the peak values (1670 kW/m2 and 840 kW/m2) until at least 16 min had elapsed. 

It is reasonable to expect that the fire fighting is in progress within 16 min. Therefore 

334 kW/m2 and 168 kW/m2 were considered as the critical values of radiation for the 

calculation of spatial separation. For most materials, the minimum value for pilot ignition 
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is more than 12.5 kW/m2 (0.3 cal cm'V1). Therefore, the critical values of the 

configuration factors for the hazardous case (for the buildings with high flammable wall 

linings) and normal case (for buildings with noncombustible linings) are chosen 

respectively as 0.035 and 0.07. Based on the configuration factors of 0.035 and 0.07, two 

tables were presented for the hazardous and normal conditions in which the acceptable 

separation distance between buildings is given based on the dimensions of the 

compartment and the percent of the window opening to the wall area. 

8.2.3 Williams-Leir |43'44'45'46] 

In 1966, Williams-Leir proposed that the fire building could be treated as a gray radiator 

with an emissivity equal to the ratio of total opening area to the facade area. Using the 

conclusions of the St. Lawrence Bums summarized by McGuire; that is the configuration 

factor for high hazards (for the buildings with high flammable wall linings) is 0.035 and 

the configuration factor for low hazards (for buildings with noncombustible linings) is 

0.07, a simplified formula to calculate the minimum separation distance between 

buildings was proposed. 

d = BVhw (8.6) 

Where: 

d = Safe separation distance (m); 

h = Height of the building (m); 
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w = Width of the building (m); 

B = Parameter. 

If the separation distance between buildings is given, the maximum permissible facade 

area of the buildings can be calculated using 

hw = g) (8.7) 

The parameter B can be determined in three ways described below. 

8.2.3.1 Tabular presentation 

The value of B can easily be obtained from a table based on the ratio of the height to 

width or width to height and the hazard condition. 

8.2.3.2 Formulae 

For a parameter q 

q = ̂ f (8.8) 

Where: 

R = Shape factor 

fi = Ratio of unprotected opening to facade area 

F = Critical configuration factor according to occupancy and hazard (F=0.035 for 

high hazards or F=0.07 for low hazards). 
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The amount of B can be calculated using following formulae. 

• If q is less than 0.75 

B = ^J±!0ES1 (8.10) 

• If q is greater than 0.75 but less than 3.6 

* = 0 . 3 4 ^ (8.H) 

• If q is greater than 3.6 

8.2.3.3 The graphical determination 

Based on the ratio of height to width of the facade of the building and ratio of the F to u, 

the value of B can be obtained from a graph. 

In 1972, Williams-Leir presented another engineering method used to calculate the 

minimum separation distance between buildings. For squarish facades (called floating 

square) with normal or large opening areas, 

d2 = VF <8-13> 

Where: 

a = the aggregate area of openings 

a = uhw (8.14) 

For a facade that is elongated rather than square (called floating zone), 
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d = fF (8.15) 

Let 

d = 2(L-M) (8.16) 

Where: 

L = Limiting distance, which is the distance from the facade to the lot line, (ft or 

m); 

M = McGuire correction (3 ft or lm). 

Therefore, following definitions and conclusions were stated 

• Basic allowance of unprotected openings, (BAUO), is 0.44(L-3)2 ft2 for high 

hazard condition and 0.88(L-3)2 ft2 for moderate hazard condition. 

• Floating-square distance, K, is 3.54(L-3) ft and Floating-zone distance, J, is 

3.14(L-3)ft. 

There are three Rules proposed for practical applications. 

• Rule 1: Every exposing building face (EBF) may include one or more basic 

allowance of unprotected openings. The openings may be distributed in whatever 

way that is most suitable to the owner, given that the EBF includes a maximum of 

one BAUO. 
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• Rule 2: Where one of the sides of the EBF is greater than K, a floating square of 

side K that is parallel to and placed on the EBF can only contain a maximum of 

one BAUO. The openings shall be distributed to fulfill this requirement. 

• Rule 3: Where one of the sides of the EBF is greater than J, a suitable direction, 

generally perpendicular to the longest side of the EBF shall be chosen. A floating 

zone of side J, unlimited length and that is parallel to the chosen direction can 

only contain a maximum of one BAUO. The openings shall be distributed to 

fulfill this demand. 

Rule 1 is valid for determining the separation distance or maximum allowed unprotected 

areas for as much as 90 % of all cases. Rule 2 may be used for facades with a small 

unprotected areas (approximately less than 15 % of the total area of the facade). Rule 3 is 

applicable for elongated facades where one of the dimensions is eight times longer than 

the other. 

8.2.4 Barnett[47] 

Barnnet presented the concept "mirror-image" for fire separation calculations between 

external walls of buildings. The following definitions were used in his paper. 

• Radiation distance ( R ) 

• Separation distance (S) 

• Limiting distance (L) 
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• Protected limiting distance (Lx) 

• Flame projecting distance (P) 

Bamett stated that the control of ignition between buildings depends on the selection of 

the design values of the flame projecting distance (P) and protected limiting distance (Lx). 

Bamett did the comparison of the values of P and Lx between the codes of the British 

system and the Canadian system and made a 4 x 4 matrix diagram to illustrate the effect 

of varying values of P and 1^. Base on the summary of the different studies by other 

scientists, Bamett assumed that the average projecting flame temperature is 600°C, 

compartment temperatures are between 842°C and 1153°C, the compartment emissivity 

is 1.00 and flame emissivity as 0.45 for a 2-m thick flame. 

Bamett presented the following two methods for calculating separation distance between 

buildings depending on the maximum permissible area of openings in the owner's 

building or the level of received radiation on the neighboring building for a given set of 

openings of the owner's building. 

8.2.4.1 The maximum permissible area of openings in the owner's building 

The maximum permissible area of openings Av 

Where: 



AE = Area of enclosing rectangle, (m2). For a building with a number of openings, 

the enclosing rectangles enclose a combination of openings (large and small 

cases) in the facade. 

>y 

IRC = Critical value of received radiation, (kW/m ); 

IEC= Critical value of emitted radiation, (kW/m2); 

0n= Configuration factor. 

(a) The choice of the critical value of received radiation IRC 

• IRC = 12.5 kW/m2 if the neighbor's building has combustible materials on the 

external walls or the neighbor's building has non-combustible materials on the 

external walls but ordinary windows 

• he = 50.0 kW/m2 if the neighbor's building has non-combustible materials on 

the external walls and the fire resistance windows 

(b) The choice of critical value of emitted radiation IEC 

• for ordinary glazing 

lEC = h = ea{T\-T\) (8.18) 

• for fire resistance glazing 

7^ = 0 .5^ = ^ ( 7 1 - 7 1 ) (8.19) 

Where: 

^ = ambient temperature, (K); 

T2 = The maximum compartment temperature, (K). 



T2 can be determined from the ISO 834 time-temperature formula 

T2 = 345log10(8t + 1) + T1 (8.20) 

8.2.4.2 Level of received radiation by the neighboring building 

The amount of received radiation by the neighboring building (IR) should not exceed the 

critical value of received radiation (IRC). 

IR = kv0nIEC < IRC (8.21) 

Where: 

kv = Ratio of area of the vertical openings to the area of the enclosing rectangle 

kv=% (8.22) 

8.2.5 NFPA 80A (USA)I48] 

The purpose of the report" NFPA 80 A Recommended Practice for Protection of 

Buildings from Exterior Fire Exposure (NFPA 80A 1996)" is to protect against fire 

spread between buildings. 

• Percentage of openings in exposing wall area 

Percentage of openings in the exposing wall that have to be considered as the percentage 

of exposing wall made up of doors, windows and other openings that may contribute to 

the emitted thermal radiation. 

Other openings that should be considered are: 



a) Walls with resistance against fire penetration less than 20 minutes should be 

treated as being a 100% opening. 

b) Walls that can withstand fire penetration for more than 20 minutes but not longer 

than the estimated fire duration should be treated as being a 75% opening. 

• Severity 

Three levels of exposure severity were assumed: light, moderate and severe. The fire 

severity depends on two properties: the average fire load density and the characteristics 

of interior finishes as shown in Table 8-1. 

Table 8-1 Classification of fire severity 

Fire severity 

Light 

Moderate 

Severe 

Fire load density of wood 

(kg/m2) 

0-34 

35-73 

>74 

Average flame spread rating of 

interior wall and ceiling finish * 

0-25 

35-73 

>76 

* The flame spread ratings are explained in "NFPA 255 Standard Method of Test of Surface 

Burning Characteristics of Building Materials". 

• Separation distances 

The minimum separation distance between buildings can be calculated by 

D = gZ + 1.52 (8.23) 

Where: 
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D = The minimum separation distance between buildings, (m); 

g = Guide number from Table 8-2; 

Z = The lesser dimension of width and height of the opening, (m). 

The above equation is based on the assumption that the facade of the exposed building is 

made of cellulosic materials with a critical ignition radiation heat flux of lent = 12.5 

kW/m2. 

For facades with material having different critical ignition radiation heat 

Icrit =£ 12.5 kW/m2, and no openings, the percentage of openings in the exposing building 

should be adjusted. The new percentage of openings, Onew, should be obtained by 

multiplying the old percentage openings of the external wall, 00id, with the ratio between 

12.5 kW/m2 and the critical radiant heat flux for the particular facade material. 

Onew = 0o l d X 2£ (8.24) 
'crit 

• Exposure from buildings of lesser height 

a) Where the exposing building is of lesser height than the exposed building, 

the minimum separation distance between buildings should be firstly 

calculated by Equation (8-22). 

b) Where the roof of the exposing building consists of combustible material 

without a fire resistance rating, Table 8-3 should be used in order to determine 

the required separation distance and means of protection necessary above roof 

level. 
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Table 8-2 Guide numbers for the determination of the minimum separation distances between buildings 

Fire severity 

Percent of opening 

Light 

20 
30 
40 
50 
60 
80 

100 

-

-

Moderate 

10 
15 
20 
25 
30 
40 
50 
60 
80 

100 

-

Severe 

5 
7.5 
10 

12.5 
15 
20 
25 
30 
40 
50 
60 
80 

100 

Guide number 

Ratio of width to height or height to width 

1.0 

0.36 
0.60 
0.76 
0.90 
1.02 
1.22 
1.39 
1.55 
1.82 
2.05 
2.26 
2.63 

2.96 

1.3 

0.40 
0.66 
0.85 
1.00 
1.14 
1.37 
1.56 
1.73 
2.04 
2.30 
2.54 
2.95 

3.32 

1.6 

0.44 
0.73 
0.94 
1.11 
1.26 
1.52 
1.74 
1.94 
2.28 
2.57 
2.84 
3.31 

3.72 

2.0 

0.46 
0.79 
1.02 
1.22 
1.39 
1.68 
1.93 
2.15 
2.54 
2.87 
3.17 
3.70 

4.16 

2.5 

0.48 
0.84 
1.10 
1.33 
1.52 
1.85 
2.13 
2.38 
2.82 
3.20 
3.54 
4.13 

4.65 

3.2 

0.49 
0.88 
1.17 
1.42 
1.64 
2.02 
2.34 
2.63 
3.12 
3.55 
3.93 
4.61 

5.19 

4 

0.50 
0.90 
1.23 
1.51 
1.76 
2.18 
2.55 
2.88 
3.44 
3.93 
4.36 
5.12 

5.78 

5 

0.51 
0.92 
1.27 
1.58 
1.85 
2.34 
2.76 
3.13 
3.77 
4.33 
4.82 
5.68 

6.43 

6 

0.51 
0.93 
1.30 
1.63 
1.93 
2.48 
2.95 
3.37 
4.11 
4.74 
5.30 
6.28 

7.13 

8 

0.51 
0.94 
1.32 
1.66 
1.99 
2.59 
3.12 
3.60 
4.43 
5.16 
5.80 
6.91 

7.88 

10 

0.51 
0.94 
1.33 
1.69 
2.03 
2.67 
3.26 
3.79 
4.74 
5.56 
6.30 
7.57 

8.67 

13 

0.51 
0.95 
1.33 
1.70 
2.05 
2.73 
3.36 
3.95 
5.01 
5.95 
6.78 
8.24 

9.50 

16 

0.51 
0.95 
1.34 
1.71 
2.07 
2.77 
3.43 
4.07 
5.24 
6.29 
7.23 
8.89 

10.33 

20 

0.51 
0.95 
1.34 
1.71 
2.08 
2.79 
3.48 
4.15 
5.41 
6.56 
7.63 
9.51 

11.15 

25 

0.51 
0.95 
1.34 
1.71 
2.08 
2.80 
3.51 
4.20 
5.52 
6.77 
7.94 
10.05 

11.91 

32 

0.51 
0.95 
1.34 
1.71 
2.08 
2.81 
3.52 
4.22 
5.60 
6.92 
8.18 
10.50 

12.59 

40 

0.51 
0.95 
1.34 
1.71 
2.08 
2.81 
3.53 
4.24 
5.64 
7.01 
8.34 
10.84 

13.15 



126 

Table 8-3 Minimum separation distance or height of protection for buildings with 

combustible and roof with no fire resistance rating 

Number of stories likely to contribute 

to flaming through the roof 

1 

2 

3 

4 

Horizontal separation distance or height 

of protection above exposing fire (m) 

7.6 

9.8 

12.2 

14.3 

8.2.6 NBCC 2005 [49] 

In the National Building Code of Canada (NBCC), limiting distance is defined as the 

distance from an exposing building face to a property line, to the centre line of a street, 

lane or public thoroughfare or to an imaginary line between two buildings or fire 

compartments on the same property, measured at right angles to the exposing building 

face. Based on the total area of exposing building face and the ratio of aggregate area of 

unprotected openings to exposing building face area, the limiting distance can be easily 

found in Table 8-4 (Table 9.10.14.4 NBCC). 



Table 8-4 Maximum Aggregate Area of Unprotected Openings in Exterior Walls 

Occupancy 
Classification 
of Building 

Residential, 
business and 

personal 
services and 
low-hazard 

Mercantile and 
medium-hazard 

industrial 

Maximum Total Area of 
Exposing Building Face 

(m2) 

10 
15 
20 
25 
30 
40 
50 
100 

Over 100 
10 
15 
20 
25 
30 
40 
50 
100 

Over 100 

Maximum Aggregate Area of Unprotected Openings, % of Exposing Building Face Area 
Limiting Distance, m 

Less than 
1.2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1.2 

8 
8 
8 
8 
7 
7 
7 
7 
7 
4 
4 
4 
4 
4 
4 
4 
4 
4 

1.5 

12 
10 
10 
9 
9 
8 
8 
8 
7 
6 
5 
5 
5 
4 
4 
4 
4 
4 

2 

21 
17 
15 
13 
12 
11 
10 
9 
8 
10 
8 
7 
7 
6 
6 
5 
4 
4 

2.5 

33 
25 
21 
19 
17 
15 
14 
11 
9 
17 
13 
11 
9 
9 
8 
7 
5 
4 

3 

55 
37 
30 
26 
23 
20 
18 
13 
10 
25 
18 
15 
13 
12 
10 
9 
6 
5 

4 

96 
67 
53 
45 
39 
32 
28 
18 
12 
48 
34 
27 
22 
20 
16 
14 
9 
6 

6 

100 
100 
100 
100 
88 
69 
57 
34 
19 

100 
82 
63 
51 
44 
34 
29 
17 
10 

8 

-
-
-
-

100 
100 
100 
56 
28 
-

100 
100 
94 
80 
61 
50 
28 
14 

10 

-
-
-
-
-
-
-

84 
40 
-
-
-

100 
100 
97 
79 
42 
20 

12 

-
-
-
-
-
-
-

100 
55 
-
-
-
-
-

100 
100 
60 
27 

16 

-
-
-
-
-
-
-
-

92 
-
-
-
-
-
-
-

10 
46 

20 

-
-
-
-
-
-
-
-

100 
-
-
-
-
-
-
-
-

70 

25 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

100 



Chapter 9 

Fundamentals of Post-Flashover Compartment Fires 

The most dangerous scenario by which fire can spread from the fire building to its 

adjacent buildings is that the fire in the compartment has developed into a fully 

developed fire. For this case, the radiation heat flux on a target wall of an adjacent 

building from the fire building reaches its maximum value. Therefore, the study of fire 

spread between buildings in this thesis concentrates on post-flashover compartment fires. 

9.1 Type of Post-Flashover Compartment Fire 

A post-flashover compartment fire could be a fuel-controlled fire or a ventilation-

controlled fire. Harmathy[23'24'and 25] recommended a method to distinguish between 

these two regimes of compartment fires. 

For a ventilation-controlled fire: 

^ ^ < 0.235 (9.1a) 

For a fuel surface controlled fire: 

£ 2 ^ 0 ^ > 0.290 (9.1b) 

Where: 

p0= Density of air, (kg/m3); 



g = Acceleration due to gravity, (m/s ); 

A f = Surface area of fiiel, (m2). 

In the critical regime 0.235 < ——-^— < 0.290, it was stated that some characteristics 
Af 

of fire could be poorly predictable[23]. Harmathy recommended that the critical value of 

this critical regime is 0.263[23]. That is 

For a ventilation-controlled fire: 

PoViAoVHo 
< 0.263 (9.2a) 

A, 

For a fuel surface controlled fire: 

^ i V ^ > 0.263 (9.2b) 
Af 

Harmathy defined the specific surface of wood as: 

«>=Wf <9-3> 

Where: 

<p = Specific surface of wood with a range of 0.1 < <p < 0.4 m2/kg [23]; for a 

wide range of conventional furniture <p = 0.13 m2/kg [25]; 

. Wf = Equivalent weight of wood in a compartment, (kg). 

By combining Equations (9.1) and Equations (9.3), the weight of wood needed for a 

ventilation-controlled fire can be calculated by 

P o ^ A ^ _ 

' 0.235 <p v 
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9.2 Compartment Temperature 

The maximum temperature in the compartment[40] is given 

Tg-Ta = 6000 i^-f J±Ji 1 (9.5) 

Where: 

Tg = Expected maximum compartment temperature, (K); 

Ta = Ambient temperature, (K); 

(9.6) 

(9.7) 
( A 0 A T . ) ' Z ( A 0 A T . ) ' Z 

Where: 

AT = Area of fire compartment enclosing surface, (m2). 

AT = 2(WxH + DxH + WxD)-A0 (9.8) 

9.3 Burning Rate of Ventilation Controlled Fires 

For ventilation controlled fire, the burning rate of fuel[27] during the fully-developed fire 

phase is 

( l_e-o.Q36n^o„V2 

a- AT 
it — y 

A0H0'
2 

T _ w f 

(AOA-JOVZ 

_ Wf A F 

( A Q A T ) 1 ^ 

m , = 0.18 * 1 — r j ^ - 2 - (9.9) 

Where: 

(D/w) / z 

rhv= Burning rate of ventilation controlled fire, (kg/s). 
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9.4 Flames Projecting out of Window [40] 

2H 

/777777777777777777777777 

(a) Front view of the flame 

2Hn 

\\w 
^ 

«-J*-

2H„ 

\\\\\N 

\W\V\1 

Wo 

(b)Top view of the flame 

(c) Side view when Ho < 1.25Wo (d) Side view when Ho > 1.25Wo 

Figure 9-1 Dimensions of flames projecting out of a window 

It is assumed that the front view of the flames projecting out of a window has a 

rectangular shape[40]. The width of the flames equals the width of the window, and the 

file:///W/V/1
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thickness of the flame is 2/3 of the height of the window. The dimensions of the flame 

projecting out from a window under natural ventilation are shown in Figure 9-1. 

9.4.1 Flame Height above the Soffit of a Window/Opening 

The flame height above the soffit of the window is given by[40]: 

z = 1 6 p ^ ) 2 / 3 - t f 0 (9.10) 

Where: 

po = The density of air, (kg/m3); 

z = Flame height above the soffit of the window/opening, (m). 

Assume the density of gas p0 = 0.45 kg/m3 at 540°C and g= 9.81 m/s2, then Equation 

(9.10) can be simplified as 

z = 1 2 . 8 ( ^ ) / 3 - t f 0 (9.11) 

9.4.2 Length of Flame along Flame Centerline [40] 

As shown in Figure 9-1, the horizontal distance from the flame tip to the wall depends on 

the aspect ratio of the window/opening. For a window/opening with H0<1.25W0, the 

horizontal distance x is given by[40]: 

* = f (9.12) 

Where: 
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x = horizontal distance from the flame tip to the external wall, (m). 

According to Figure 9-1(c), the flame length along flame centerline is [40]: 

Lf = z + ^x2 + (^f (9.13) 

Where: 

Lf = Distance from the flame tip to the window along the flame centerline, (m). 

If H0> 1.25 W0, the horizontal distance between the flame centerline at the flame tip and 

the wall is [40]: 

,H s0.54 

* = ° - 3 "<>Gy (9-i4) 

According to Figure 9-1(d), the flame length along the flame centerline is [40]: 

i / = ^ 2 + ( ^ - T ) 2 + ^ 2 + ( T ) 2 <9'15> 

9.4.3 Flame Temperature along Flame Centerline 

Flame temperature at a point with distance If from the window along the flame centerline 

is given by[40]: 

7 V ^ = 1 _ 0 0 2 7 i £ £ o ( 9 1 6 ) 

'o 'a rnv 

Where: 

Tf = Flame temperature at a point with distance If from the window along the 

flame centerline, (K); 



T0 = Flame temperature at window (when If = 0) along flame centerline, (K); 

If = Distance from window along flame centerline, (m). 

Usually the temperature of the flame tip is known; therefore Equation (9-16) can be 

rewritten as 

' o = ' a • 1 o027 if w0\ ("•!') 

V % i 

Where: 

Tt = Flame tip temperature (Tt =540°C) [40]. 

The temperature at any point along the flame centerline is: 

Tf-Ta + (Tt - T*) ^_ 0 0 2 7 L / M , o (9.18) 

9.4.4 Flame Emissivity 

The emissivity of the flames can be calculated by [40] 

£ = l - e - ^ (9.19) 

Where: 

£ = Flame emissivity; 

k = Attenuation coefficient, (m"1). k= 0.30 m_1 [40]; k = 0.518 in1 [37]; 

X = Flame thickness, (m). 



Chapter 10 

Experimental Study and Modeling of Radiation from 

Compartment Fires to Adjacent Buildings 

A number of experiments have been conducted to study the problem of radiation emitted 

from fire buildings [31"37]; however the results of these studies are not in agreement. For 

example, the experimental results of the St. Lawrence bums [32] showed that a major part 

of the radiation comes from the flames projecting outside the windows, however Law[33' 

34] stated that the contribution of radiation heat flux due to projecting flames out of the 

window was not significant and could be ignored. In addition, the value of emissivity of 

the external flames is an important parameter and needs to be known in order to calculate 

the radiation heat flux to adjacent buildings. A number of studies have been conducted 

[37,38,39,40]̂  h o w e v e r further research is needed to figure out which one can give an 

appropriate value of emissivity that can be used for practical engineering application. 

To address these problems, an experimental investigation was conducted at the full-scale 

fire research laboratories of the National Research Council of Canada (NRCC) to study 

the amount of radiation heat flux emitted from the flames projecting out of a window. 

Experiments were conducted in a room with only one window. Three different window 

sizes were considered by varying the width of the window while maintaining the same 
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height. Other parameters considered for these experiments include fuels, and separation 

distance between the external wall of the fire building and a target wall. For each window 

size, four experiments were conducted using three separation distances and two different 

fuels (propane and wood cribs). 

10.1 Description of Experimental Facility 

The experimental facility shown in Figure 10-1 includes a fire building and a target wall. 

InfraCaml 

Fire building 

Window 

Target Wall 

InfraCam2 % 

Camcorder 

Figure 10-1 Spatial separation fire experiments setting up plan 

10.1.1 The Fire Building 

The size of the fire compartment was 5.95 x 4.4 x2.75 m (WxD xH). The dimensions of 

the three windows used in the experiments were: 2.55 x 1.45 m, 1.45 x 1.45 m and 1.10 x 
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1.45 m (WxH). The interior walls of the fire compartment were insulated with fiberfrax 

insulation. The exterior facade of the wall with the window was covered with gypsum 

board. 
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1577 3300 

(a) Fire building and its exposing wall 

• * r«-

(b) Target wall 

Figure 10-2 Instrumentation on the exposing wall and target wall 

Instrumentation 

Three thermocouples were installed inside the fire compartment measuring room 

temperature (some tests had only two thermocouples); 
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• Sixteen thermocouples were installed on the wall above the window. The 

locations of these thermocouples can be seen in Figure 10-2(a). The tips of five 

thermocouples located along the soffit of the window were extending just below 

the soffit of the window to measure the temperature of the flames as they 

projected out of the window; 

• A thermocouple was used to measure flame temperature with its tip 50 cm above 

the soffit of the window and 50 cm from the exterior wall surface. 

10.1.2 Target Wall 

A wood-framed target wall was constructed with a size of 16'xl6' (4.88 x 4.88 m). The 

target wall was placed away from the fire building at the separation distances of 2.2 m, 

3.0 m, 3.5 m or 4.0 m. The exterior facade of the wall was covered with non-combustible 

cement boards. There were eight or ten radiometers installed on the cement board to 

measure radiation heat flux. Twenty-one or twenty-five thermocouples were installed to 

measure the surface temperature of the target wall. The locations of the radiometers (H) 

and thermocouples (T) on the target wall are shown in Figure 10-2(b). Most radiometers 

and thermocouples were placed on a vertical line opposite the vertical central line of the 

window of the fire compartment in order to find the position of maximum radiation heat 

flux and maximum surface temperature on the target wall. 



139 

10.1.3 Fire Fuel 

Two kinds of fuels were used in the fire experiments: propane and wood cribs. 

a. Propane fire 

Propane was used as the fuel for nine experiments. The propane fire tests were conducted 

using propane diffusion burners along four pipelines with a length of 3.8 m evenly 

distributed in the fire room and elevated 0.6 m above the floor. The propane mass flow 

rate was manually controlled. The mass flow rate of the propane was not measured. The 

most dangerous stage of a compartment fire is the fully-developed fire; therefore, 

ventilation-controlled fully-developed fires were the focus of this experimental study. 

During each experiment, the valve controlling the propane flow rate was turned to its 

maximum position and sustained for at least 10 minutes. It can reasonably be assumed 

that the maximum mass flow rate of the propane for each fire experiment had the same 

value. 

b. Wood crib fire 

Wood cribs were used as the fuel for three experiments with different windows sizes. In 

each experiment, 1000-kg wood cribs were put into the fire compartment. This fire load 

was much higher than the critical value [23] needed for ventilation-controlled fires ensured 

the duration of the fully-developed fire phase was long enough to do the analysis for the 

purpose of the experimental study. The density of the fuel load was 38 kg/m2. Two kinds 
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of wood cribs were used in the experiments: 2"x2" (3.8x3.8 cm) wood cribs were used in 

the experiment with window size of 2.55x1.45 m; 2" x4" (3.8x8.9 cm) wood cribs were 

used in the two other fire experiments with window sizes of 1.45x1.45 m and 1.10x1.45 

m. 

10.1.4 Other Instrumentation 

During the test, a camcorder recorded the fire experiment, and two infra-red-cameras 

were used: one taking the infrared images of the fire building and the other taking the 

infrared images of the target wall. 

10.2 Results and Discussion 

In experiments 1-9, propane was used as the fuel. The valve controlling the propane flow 

rate was turned to its maximum position and sustained for more than 10 minutes. It can 

be assumed that the maximum propane flow rate in every experiment had the same value; 

however the actual flow rate was not measured. 

10.2.1 Compartment Fire Characteristics 

10.2.1.1 Experimental results 
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m 

(a) 2.55mx 1.45m (b) 1.45mx 1.45m (c) l.lmx 1.45m 

Figure 10-3 Pictures and thermal images of experimental propane fires 



Table 10-1 Experimental data of room temperature and external flame temperature 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Fuel 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Wood cribs 2"x4" 

Wood cribs 2"x4" 

Wood cribs 2"x2" 

Window (W x H) 
(m) 

2.55x1.45 

2.55x1.45 

2.55x1.45 

1.45x1.45 

1.45x1.45 

1.45x1.45 

1.10x1.45 

1.10x1.45 

1.10x1.45 

1.10x1.45 

1.45x1.45 

2.50x1.45 

Separation 
distance 

(m) 

3 

3.5 

4 

3 

3.5 

2.4 

3.5 

3 

4 

3 

3 

3 

Flame height 
above window 

( m ) 

1.5 

1.5 

1.5 

3 

3 

3 

4 

4 

4 

3 

2.5 

3.2 

Maximum room 
temperature 

(C°) 

1210 

1215 

1205 

957 

918 

979 

879 

873 

875 

958 

1083 

1050 

Maximum flame 
temperature at window 

(C°) 

1021 

1047 

1073 

993 

985 

1022 

976 

1084 

1047 

942 

1010 

1079 

Flame temperature at 
50cm above window 

(C°) 

NA 

NA 

810 

991 

921 

970 

968 

962 

964 

884 

846 

956 
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1) Propane fire experiments 

Table 10-1 and Figure 10-3 show data from the experiments. It can be assumed that the 

compartment fire for the propane fire experiments with the same window size were 

similar due to the same propane flow rate. It should be noted that the room temperatures 

with gypsum board walls instead of fiberfrax walls would be lower than the experimental 

temperatures. 

Comparing the experimental data in Table 10-1 and Figure 10-3, the impact of different 

window sizes on the compartment fire could be summarized as follows: 

a) Room temperature: room temperature decreases as the window size of the fire 

room decreases as seen in Table 10-1; 

b) Height of external flame: external flame height increases as the window width 

decreases as seen in Figure 10-3; 

c) Flame temperature at window: in the test with a window of 2.55x1.45 m, the 

flame temperature at the window was lower than the room temperature; in the 

tests with window of 1.45x1.45m or 1.1 Ox 1.45m, the flame temperature at the 

window was higher than the room temperature. This is due to increased 

combustion taking place outside the room as unburned propane escaped 

though the window. 

d) Flame temperature above window: in the test with a window of 2.55x1.45m, 

the flame temperature above the window dropped very fast with height; in the 
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tests with window size of 1.45x1.45 m and 1.10x1.45 m, the flame 

temperature above the window did not change much with height until 

reaching the height of about 2 m below the flame tip which can be seen in 

Figure 10-3 and Table 10-1. (This is due to the same reason as in (c) above). 

2) Wood crib fire experiments 

Three wood crib fire experiments were conducted with three window sizes and two kinds 

of wood crib sizes (2"x2" and 2"x4" or 3.8x3.8 cm and 3.8x8.9 cm) as shown in Table 

10-1. The impact of wood cribs on the fire could be summarized as follows: 

(a) window 2.5 5m*-1.45m (b) window 1.45mxl.45m (c) window 1.10mx 1.45m 
wood crib 2"x2" woodcrib 2"*4" woodcrib 2"*4" 

Figure 10-4 Pictures and thermal images of wood crib fires 
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a) Height of external flame: for the two fire experiments using 2"x4" wood cribs 

as fuel, the external flame height increased as the window width decreased. 

But for the fire experiment with the 2.55x1.45 m window using 2"x2" wood 

cribs, the flame height was higher than those of the two fire experiments with 

the smaller size windows and 2"x4" wood cribs as shown in Figure 10-4; 

b) Room temperature: for the two fire tests using 2"x4" wood cribs, the room 

temperature of the test with the 1.45x1.45 m window was higher than that of 

the test with the 1.10 xl.45 m window as shown in Table 10-1. However, the 

room temperature with the 2.55x1.45 m window and the 2"x2" wood cribs 

was lower than that of the test with the 1.45x1.45 m window and the 2"x4" 

wood cribs; 

c) Flame temperature at window: the flame temperature at the window was 

almost the same as the room temperature; 

d) Flame temperature above the window: for the test with the 1.45x1.45 m 

window, the temperature of the external flame above the window decreased 

fast with height and the flame height above the window was the shortest 

among the three wood cribs fire tests. For the other two tests, the temperature 

of the external flame above the window did not change much with height until 

reaching the height of about 2 m below the flame tip as shown in the infrared 

images of Figure 10-4. 
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Table 10-2 Theoretical study of the impact of fuel load and window size on post-flashover compartment fire 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Window 
size 
(m) 

2.55x1.45 

2.55x1.45 

2.55x1.45 

1.45x1.45 

1.45x1.45 

1.45x1.45 

1.10x1.45 

1.10x1.45 

1.10x1.45 

1.10x1.45 

1.45x1.45 

2.55x1.45 

Ambient 
temperature 

(°C) 

-7 

6.5 

0 

-9 

-5.6 

-5.2 

0 

-7 

0 

0 

-4 

17 

Fire load =1000 kg 

Burning 
rate 

(kg/s)1 

0.535 

0.535 

0.535 

0.415 

0.415 

0.415 

0.349 

0.349 

0.349 

0.349 

0.415 

0.535 

Room 
temperature 

( °Q 2 

1021 

1035 

1028 

867 

871 

871 

781 

774 

781 

781 

872 

1045 

Flame 
height above 

window 
(m)3 

3.07 

3.07 

3.07 

4.10 

4.10 

4.10 

4.50 

4.50 

4.50 

4.50 

4.10 

3.07 

Flame temperature 
at window along 
flame centerline 

(°C)4 

1051 

1038 

1044 

993 

990 

990 

969 

975 

969 

969 

989 

1029 

Fire load = 600 kg 

Burning 
rate 

(kg/s)1 

0.535 

0.535 

0.535 

0.415 

0.415 

0.415 

0.349 

0.349 

0.349 

0.349 

0.415 

0.535 

Room 
temperature 

( °Q 2 

865 

879 

872 

111 

780 

780 

717 

710 

781 

781 

782 

889 

Flame height 
above 

window 
(m)3 

3.07 

3.07 

3.07 

4.10 

4.10 

4.10 

4.50 

4.50 

4.50 

4.50 

4.10 

3.07 

Flame temperature 
at window along 
flame centerline 

(°C) 

1051 

1038 

1044 

993 

990 

990 

969 

975 

969 

969 

989 

1029 

1. Equation (9.9); 2. Equation (9.5); 3. Equation (9.11); 4. Equation (9.17) 



10.2.1.2 Theoretical results of post-flashover compartment fire 

The equations presented in Chapter 9 are used to calculate the post-flashover conditions 

in the compartment for two fire loads: 600 kg and 1000 kg of wood. The minimum fire 

load required for a ventilation-controlled fire in the experimental compartment with the 

largest window size of 2.55x1.45 m is 548 kg which is more than that needed for 

ventilation controlled fire in the compartment with the smaller window sizes. The 

window size and ambient conditions were taken from the experimental data. The 

calculated results for burning rate, room temperature, and flame height and flame 

temperature are presented in Table 10-2. The experimental ambient temperature was used 

so that the results of the theoretical calculation of radiation heat fluxes can be compared 

with the experimental data. The results show that the window has a great impact on all 

compartment fire characteristics. The larger the window, the higher the compartment 

temperature, larger burning rate, and higher flame temperature at the window. The flame 

height however decreases as the window width increases. 

10.2.1.3 Comparison of experimental data and theoretical results for post-flashover 

compartment fires 

The experimental data are compared with results of theoretical calculations for post-

flashover compartment fires. The theoretical results of Table 10-2 for the 1000 kg fire 

load are used for this comparison. The comparison results shown in Table 10-3 can be 

summarized as follows: 



Table 10-3 Theoretical and experimental data for post-flashover compartment fires 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Flame height 
(m) 

Test 

1.5 

1.5 

1.5 

3 

3 

3 

4 

4 

4 

3 

2.5 

3.2 

Theory' 

3.07 

3.07 

3.07 

4.10 

4.10 

4.10 

4.50 

4.50 

4.50 

4.50 

4.10 

3.07 

Room temperature 
(°C) 

Test 

1210 

1215 

1205 

957 

918 

979 

879 

873 

875 

958 

1083 

1050 

Theory 2 

1022 

1034 

1028 

868 

871 

871 

781 

774 

781 

781 

872 

1045 

Flame temperature at 
window along centerline 

(°C) 

Theory3 

1051 

1038 

1044 

993 

990 

990 

969 

975 

969 

969 

989 

1029 

Flame temperature out 
of the soffit of window 

(°C) 

Test 

1021 

1047 

1073 

993 

985 

1022 

976 

1084 

1047 

942 

1010 

1079 

Flame temperature 0.5 m 
above window along centerline 

(°Q 

Test 

NA 

NA 

810 

991 

921 

970 

968 

962 

964 

884 

846 

956 

Theory 4 

890 

881 

885 

881 

879 

879 

870 

875 

870 

870 

878 

874 

1. Equation (9.11); 2. Equation (9.5); 3. Equation (9.17); 4. Equation (9.18) 
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a) Flame height above soffit of window: For all experiments except experiment 

12, the theoretical flame height above the soffit of the window was higher 

than the experimental flame height. The experimental flame height for Test 12 

was higher than both the theoretical flame height of Tests 1-3 using propane 

as fuel. It is also higher than the flame heights of Tests 10 and 11 which have 

smaller window sizes (1.45x1.45 m and 1.10x1.45 m) and used the larger 

wood crib size 2"x4" as fuel; 

b) Room temperature: The experimental room temperature is higher than the 

theoretical value. The theoretical flame temperature at the window along the 

flame centerline is close to the experimental room temperature; 

c) Flame temperature at window: the theoretical value of flame temperature at 

the window along the flame centerline is very close to the experimental 

window temperature. 

10.2.2 Radiation on Target Wall 

The amount of radiation heat flux and its distribution on a target wall from a post-

flashover compartment fire is an important factor affecting fire spread between buildings. 

Radiation from post-flashover compartment fires can be divided into two parts - radiation 

from the compartment and radiation from the external flame above the soffit of the 

window. The impact on radiation of window size, separation distance between the fire 

building and a target wall, and type of fuel is investigated in this section. 
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10.2.2.1 Impact of separation distance on radiation and temperature of target wall 

Comparing the results of the three propane fire experiments with a window size 

1.45x 1.45m shown in Figure 10-5, the followings observation can be made: 

a) As expected, the closer the separation distance, the higher the maximum 

temperature and radiation heat flux on the target wall; 

b) The positions of the maximum temperature and radiation heat flux are above the 

height of the soffit of the window; 

c) There is a local maximum temperature and radiation heat flux just above the 

height of the center of the window. 

d) The separation distance has little effect on the shape of the radiation distribution 

curve on the target wall. 

10.2.2.2 Impact of window size on radiation and temperature of target wall 

Figure 10-6 shows the results of three propane fire experiments with different window 

sizes but with the same separation distance of 3.0 m. From the figure, it can be seen that: 

a) For the 2.55* 1.45 m window, the points with maximum temperature and heat flux 

are located just above the center of the window and within the boundary of the 

window; External flames above the window have little influence on radiation 

distribution on the target wall due to the radiation from external flame is much 

smaller than that from window radiator. 
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Figure 10-5 Propane fire with same window size but different separation distance 
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b) For the 1.45x1.45 m and 1.1 Ox 1.45 m window, the points with maximum 

temperature and heat flux are located above the soffit of the window. The smaller 

the window width, the higher the location of the maximum temperature and heat 

flux; External flames above the window have great influence on radiation 

distribution on the target wall. 

c) For the experiment with the 1.45mx 1.45 m window, the maximum temperature 

and heat flux are smaller than those of the other two experiments with the larger 

window size and the smaller window size. 

The ratio of the height to width of a window has a significant impact on the radiation 

distribution on a target wall. The location of the maximum heat flux on the target wall 

goes up as the ratio of the height to width of window increases. For the window with 

square shape, the maximum heat flux on the target wall is less than those of other two 

window sizes. It can be concluded that for a window with its width much larger than 

its height, the radiation on the target wall is mainly from the window on exposing 

wall and for a window with its width much smaller than its height, the radiation on 

the target wall is mainly from the external flame above the window on exposing wall. 

10.2.2.3 Impact of fuel on distribution of radiation and temperature on target wall 

Comparing the experiments with same window size and separation distance but different 

fire fuels (propane and wood cribs), the following observations can be made: 
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a) The experiments with the 1.10x 1.45 m window as shown in Figure 10-7, 

• Propane fire: the global maximum temperature and heat flux are located 

above the soffit of the window; local maximum values of temperature and 

heat flux are located at a point just above the center of window; 

• 2"x4" wood crib fire: the global maximum temperature and heat flux are 

located above the soffit of the window; local maximum values of temperature 

and heat flux are located at a point just above the center of window. 

• Propane fire posed more severe fire hazard to the target wall. 

b) The experiments with the 1.45x1.45 m as shown in Figure 10-8, 

• Propane fire: the global maximum temperature and heat flux are located above 

the soffit of the window; local maximum values of temperature and heat flux are 

located at a point just above the center of window; 

• 2"x4" wood cribs fire: the global maximum temperature and heat flux are located 

just above the center of window; local maximum values of temperature and heat 

flux are located above the soffit of window. 

c) Fire experiments with the 2.55x1.45 m window shown in Figure 10-9, 

• Propane fire: the global maximum temperature and heat flux are located just 

above the center of the window; local maximum values of the temperature and 

heat flux are located above the soffit of the window; 
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• 2"x2" wood cribs fire: the global maximum temperature and heat flux are located 

just above the center of the window; local maximum values of the temperature 

and heat flux are located above the soffit of window. 

• Wood fire posed more severe fire hazard to the target wall. 

By comparison of the locations of the maximum temperature and radiation heat flux on 

the target wall for the tests with same window size but different fire fuel, the position for 

the test using propane as fuel was higher than that of the test with wood crib for the two 

smaller window sizes. This may be due to using the same propane flow rate in every 

propane test, therefore there was more unburned propane that flows out of the room and 

burnt outside during the fully-developed fire phase. Although propane fires cannot be 

found in real fires, this type of fire may be similar to a fire in a compartment with its fire 

load dominated by plastic materials, in which case a lot of unburned hydrocarbons escape 

the room of fire and burn outside. 

10.2.2.4 Analysis of radiation heat flux on target wall 

The influence of the window size, flame height and fuel type on the distribution of 

radiation heat flux on the target wall are summarized in Table 10-4. qcw is the heat flux at 

the point on the target wall opposite center of the window; qMa.x *s m e maximum heat 

flux on the target wall measured by radiometers during the experiment. The location of 



the maximum heat flux and ratio of qMax to q^ reflect the impact of external flame to 

radiation heat flux on the target wall. 

The radiation heat flux is emitted from two radiators - the window radiator and the 

external flame above the window. 

Qexp = Rw + q'ef C1"-1) 

Where: 

11 •y 

qexp = Heat flux measured on target wall, (W/m ); 

qw= Heat flux coming from the window, (W/m2); 

qef = Heat flux coming from the external flame above the window, (W/m2). 

In this thesis, it is assumed that, for post-flashover compartment fires, the window has a 

constant temperature and its emissivity is 1. Therefore the radiation heat flux coming 

from the window is 

q"w = swaFdE_wT% (10.2) 

Where: 

ew = Emissivity of window radiator (assume ew =1); 

o = Stefan-Boltzmann constant, o = 5.67xl0"8 W/(m2K4); 

FdE-w - Configuration factor from window to a point on target wall; 

Tw = Temperature of window radiator, (K). 



Table 10-4 The comparisons of the radiation heat flux on target wall due to post-flashover compartment fires 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Fuel 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Propane 

Wood cribs 2"x4" 

Wood cribs 2"x4" 

Wood cribs 2"x2" 

Window 

(WxH) 

(m) 

2.55x1.45 

2.55x1.45 

2.55x1.45 

1.45x1.45 

1.45x1.45 

1.45x1.45 

1.10x1.45 

1.10x1.45 

1.10x1.45 

1.10x1.45 

1.45x1.45 

2.55x1.45 

Separation 
distance 

(m) 

3 

3.5 

4 

3 

3.5 

2.4 

3.5 

3 

4 

3 

3 

3 

Heat flux at the point opposite 
center of window qcw 

(kW/m2) 

23.99 

18.70 

15.97 

15.24 

10.46 

22.02 

14.84 

18.65 

11.50 

11.82 

17.49 

28.79 

Maximum heat 

flux q'max 

(kW/m2) 

26.71 

20.23 

17.31 

18.22 

12.67 

28.75 

26.46 

25.62 

15.93 

13.65 

19.45 

31.47 

"max 

1.11 

1.08 

1.08 

1.20 

1.21 

1.31 

1.78 

1.37 

1.39 

1.15 

1.11 

1.09 

Position of 
maximum heat flux 

Within window 

Within window 

Within window 

above window 

above window 

above window 

above window 

above window 

above window 

above window 

Within window 

Within window 
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Two different kinds of temperatures could be used as the temperature of the window 

radiator, one is the maximum room temperature and the other is the maximum flame 

temperature out of the soffit of window. Substituting the temperature of the window 

radiator into Equation (10.2), the heat fluxes on the target wall emitted by the window 

radiator at a point perpendicular to the window center are listed in Table 10-5. The results 

show that using the maximum room temperature for the calculation of the radiation heat 

flux from the window to the target wall for some cases gives values greater than the 

experimental values; using the maximum flame temperature out of the soffit of the 

window yields more reasonable results. 

(a) Radiation contribution from the external flame above the soffit of the 

window 

If the heat flux due to the window radiator is known, the percentage of radiation heat flux 

coming from the external flame above the soffit of the window could be calculated by 

f = 3fL x 100% = *"*"*» x 100% (10.3) 
q e f lexp Qexp 

Where: 

fqef= Percentage of heat flux coming from the external flame above the soffit of the 

window 



Table 10-5 Radiation contributed from projecting flame above soffit of window during fully-developed fire phase 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Heat flux measured at the point 
on target wall opposite to center 
of the window qexp (kW/m2) 

23.99 

18.70 

15.97 

15.24 

10.46 

22.02 

14.84 

18.65 

11.50 

11.82 

17.49 

28.79 

Results with Tw = maximum room temperature 

Heat flux from room 
fire qw (kW/m2) 

31.01 

23.94 

18.28 

8.96 

5.90 

14.44 

3.96 

5.20 

3.02 

6.92 

13.23 

19.64 

Contribution from 
external flame fq f (%) 

0 

0 

0 

41.2 

43.6 

34.4 

73.3 

72.1 

73.7 

41.4 

24.3 

31.8 

Results with Tw = maximum external flame 
temperature out of the soffit of window 

Heat flux from room fire 
qw (kW/m2) 

17.98 

14.85 

12.59 

10.05 

7.58 

16.53 

5.48 

10.23 

5.27 

6.58 

10.59 

21.45 

Contribution from 
external flame fq (%) 

25 

21 

21 

34 

28 

25 

63 

45 

54 

44 

39 

25 



Based on the temperature in Table 10-3, the percentage of radiation heat flux coming 

from the external flame above the soffit of the window is shown in Table 10-5. The 

results in Table 10-5 show that it is better to choose the flame temperature out of the 

soffit of window as the temperature of the window radiator if the compartment fire is a 

ventilation controlled fire. 

(b) Emissivity of the external flame above the soffit of the window 

If the flame height is less than 2 m, it is assumed that the temperature of the external 

flame is equal to the average value of the flame tip temperature and the flame 

temperature out of the soffit of the window. 

Then the experimental heat flux could be written as 

qexp = q'w + qef = £wa FdE-wT% + eefa FdE_EFTEF = ewq* + £efq"e
Bf (10.4) 

Where: 

£ef = Emissivity of radiator of external flame; 

FdE-EF = Configuration factor from the radiator of external flame to a point on 

target wall; 

Tef = Temperature of external flame radiator, (K); 

qw = Radiation heat flux received by target wall from window radiator assuming 

window radiator is black body, (W/m2); 



164 

cjef= Radiation heat flux received by target wall from external flame radiator 

assuming external flame radiator is black body, (W/m2). 

Therefore the emissivity of the external flame radiator can be found using 

• B 

£ef p (1U.5) 
Qef 

If the flame height is greater than 2 m, the external flame above the soffit of the window 

is divided into two parts- bottom part and upper part. 

• The bottom part is assumed to start from the soffit of window to the point of 2 m 

below flame tip. Within this range, the flame temperature changes little and could 

be assumed constant. In this paper, it is assumed that the temperature of the 

bottom part of external flame radiator is equal to the temperature of the flame at a 

point 50 cm above the soffit of the window and 50 cm away from the surface of 

the fire building. 

• The upper part ranges from 2 m below the flame tip to the flame tip. Within this 

range, the temperature drops very fast. In this study, it is assumed that the 

temperature of the upper part of the external flame is equal to the average of the 

flame tip temperature and the temperature of the bottom part of external flame. To 

simplify the problem, it is assumed that the external flame has the same thickness 

in both the upper and bottom parts and the same emissivity. Then the radiation 

from black body external flame to the target point could be calculated by 

^ef = a FdE-BPTBP + a FdE-UPTUP (10.6) 



Table 10-6 The emissivity of external flame 

Test 

1 

2 

3 

12 

4 

5 

6 

11 

7 

8 

9 

10 

Width of 

radiator 

(m) 

2.55 

1.45 

1.10 

Window radiator 

Height 

(m) 

1.45 

1.45 

1.45 

Temperature ' 

(°C) 

1021 

1047 

1073 

1079 

993 

985 

1022 

1010 

976 

1084 

1047 

942 

Emissivity 

1.0 

1.0 

1.0 

External flame radiator 

Bottom part 

Height (m) 

0 

0 

0 

1.2 

1 

1 

1 

0.5 

2 

2 

2 

1 

Temperature 2 

(°Q 

1021 

1047 

1073 

956 

991 

921 

970 

846 

968 

962 

964 

884 

Upper part 

Height 

(m) 

1.5 

1.5 

1.5 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Temperature 

(°C) 

780.50 

793.50 

806.50 

748.00 

765.50 

730.50 

755.00 

693.00 

754.00 

751.00 

752.00 

712.00 

Emissivity 

Test 

0.580 

0.428 

0.475 

0.629 

0.515 

0.498 

0.421 

0.607 

0.892 

0.808 

0.922 

0.657 

Average 

0.519 

0.820 

1. the maximum flame temperature out of the soffit of window 

2. the temperature of flame at the point 50 cm above the soffit of window and 50 cm away from the external wall of fire building 

3. the average of the temperature of bottom part and flame tip temperature 



Substituting Equation (10.6) into Equation (10.5), the emissivity of the external flame 

radiator can be found as shown in Table 10-6. From Table 10-6, it can be seen that the 

experimental result of emissivity is much larger than the theoretical value calculated by 

Equation (9.19) which is 0.252 when the attenuation coefficient k = 0.30 m"1 [40] or 0.394 

whenk=0.518m"1[37]. 

To simplify the problem, it is assumed that the emissivity of the external flame radiator is 

independent of the type of fuel in the compartment. The results in Table 10-6 show that 

the emissivity of the external flame depends on window size. For windows with 

Ho<1.25Wo (2.55x1.45 m and 1.45x1.45 m), the mean emissivity of the external flame is 

0.519. For the window with Ho > 1.25Wo (1.10x1.45 m), the mean emissivity of the 

external flame is 0.820. The reason why there is higher value of the emissivity for 

window with Ho > 1.25Wo is that there was more soot in the external flame due to 

unbumt propane coming outside. 

10.3 Modeling Radiation Distribution on Target Wall 

10.3.1 Modeling radiation distribution on target wall based on experimental data 

It can be considered that the radiation on the target wall comes from two radiators: the 

window radiator and the external flame out of the soffit of the window. To model the 

radiation on the target wall, the following experimental data are used as shown in Table 

10-7: 
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a. For the window radiator: 

(a) Separation distance: the separation distance is the distance between the fire 

building and the target wall; 

(b) Emissivity: it is assumed that the emissivity of the window radiator is equal to 

1.0. 

(c) Temperature of the window radiator: the maximum flame temperature out of the 

soffit of window is used as the temperature of the window radiator. 

b. For the external flame above window 

(a) Separation distance: the separation distance is the distance between the external 

wall of the fire building and the target wall minus two third of window height; 

(b) Emissivity: for the window (1.10x1.45 m) with H0>1.25W0, the emissivity of 

external flame radiator is equal to 0.820; for the windows (2.55x1.45m and 

1.45x1.45m) with H0<1.25W0, the emissivity of external flame radiator is equal to 

0.519; 

(c) Temperature of the radiator of the external flame: 

• If the flame height above the soffit of the window is less than 2 m, the average 

value of the window radiator temperature and the flame tip temperature is used as 

the temperature of the external flame radiator; 
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Table 10-7 Experimental data used for calculation of radiation heat flux on target wall 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1. the 

Width of 

radiator 

(m) 

2.55 

2.55 

2.55 

1.45 

1.45 

1.45 

1.1 

1.1 

1.1 

1.1 

1.45 

2.55 

: maximum 1 

Window radiator 

Height 

(m) 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

lame tern 

Temperature * 

rc) 

1021 

1047 

1073 

993 

985 

1022 

976 

1084 

1047 

942 

1010 

1079 

perature out of th 

Emissivity 

esoffit of wi 

Separation 

Distance 

(m) 

3 

3.5 

4 

3 

3.5 

2.4 

3.5 

3 

4 

3 

3 

3 

ndow 

External flame radiator 

Bottom part 

Height 

(m) 

0 

0 

0 

1.2 

1 

1 

1 

0.5 

2 

2 

2 

1 

Temperature 

CO 

1021 

1047 

1073 

956 

991 

921 

970 

846 

968 

962 

964 

884 

Upper part 

Height 

(m) 

1.5 

1.5 

1.5 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Temperature 

(°C) 

780.50 

793.50 

806.50 

748.00 

765.50 

730.50 

755.00 

693.00 

754.00 

751.00 

752.00 

712.00 

Emissivity 

0.519 

0.519 

0.519 

0.519 

0.519 

0.519 

0.820 

0.820 

0.820 

0.820 

0.519 

0.519 

Separation 

Distance 

(m) 

2.03 

2.53 

3.03 

2.03 

2.53 

1.43 

2.53 

2.03 

3.03 

2.03 

2.03 

2.03 

2. the temperature of flame at the point 50 cm above the soffit of window and 50 cm away from the external wall of fire building 

3. the average of the temperature of bottom part and flame tip temperature 



• If the flame height above the soffit of the window is more than 2 m, the external 

flame above the soffit of the window has to be divided into two parts - a bottom 

part and an upper part. For the bottom part ranging from the soffit of the window 

to 2 m below the flame tip, the temperature of the flame at a point 50 cm above 

the soffit of the window and 50 cm away from the external wall of the fire 

building is used as the temperature of the bottom part. The average of the 

temperature of the bottom part and the flame tip temperature is used as the 

temperature of the upper part of the external flame radiator. 

Substituting the experimental temperatures shown in Table 10-7 into Equation (10.4), the 

distribution of the radiation heat flux on the target wall for each experiment can be 

plotted as shown in Figure 10-10. The figure shows that the computed values compare 

well with the experimental data for all tests. 

10.3.2 Modeling radiation distribution based on the theory of post-flashover 

compartment fire 

For the fire safety designer, it is hard to find experimental data for compartment fires. 

Therefore, it is very important to develop a simple method to use in the design of an 

acceptable spatial separation between buildings based on the theory of post-flashover 

compartment fires. To simplify the problem, it is assumed that the radiation comes from 

two radiators- window radiator and the radiator of the external flame above the window. 

The data used to model the radiation on target wall are shown in Table 10-8: 
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Table 10-8 Theoretical data used for calculation of radiation heat flux on target wall 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Width of 

radiator 

(m) 

2.55 

2.55 

2.55 

1.45 

1.45 

1.45 

1.1 

1.1 

1.1 

1.1 

1.45 

2.55 

Window radiator 

Height 

(m) 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

1.45 

Temperature1 

(°Q 

1051 

1038 

1044 

993 

990 

990 

969 

975 

969 

969 

989 

1029 

Emissivity 

Separation 

distance 

(m) 

3 

3.5 

4 

3 

3.5 

2.4 

3.5 

3 

4 

3 

3 

3 

External flame radiator 

Bottom part 

Height 

(m) 

0 

0 

0 

1 

1 

1 

2 

2 

2 

1 

0.5 

1.2 

Temperature2 

(°Q 

1051 

1038 

1044 

993 

990 

990 

969 

975 

969 

969 

989 

1029 

Upper part 

Height 

(m) 

1.5 

1.5 

1.5 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Temperature3 

(°C) 

795.5 

789 

792 

766.5 

765 

765 

754.5 

757.5 

754.5 

754.5 

764.5 

784.5 

Emissivity 

0.519 

0.519 

0.519 

0.519 

0.519 

0.519 

0.820 

0.820 

0.820 

0.820 

0.519 

0.519 

Separation 

distance 

(m) 

2.03 

2.53 

3.03 

2.03 

2.53 

1.43 

2.53 

2.03 

3.03 

2.03 

2.03 

2.03 

1. the maximum value of the room temperature and the flame temperature at the window along the flame centerline 

2. the temperature of the window radiator 

3. the average of the temperature of bottom part and flame tip temperature 
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a. For the window radiator: 

(a) Separation distance: the separation distance is the distance between fire building 

and target wall; 

(b) Emissivity: it is assumed that the emissivity of window radiator is equal to 1.0. 

(c) Temperature of the window radiator: the maximum value of the room temperature 

and the flame temperature at the window along the flame centerline is used as its 

temperature. 

b. For the external flame above window 

(a) Separation distance: the separation distance is the distance between external wall 

of the fire building and target wall minus two thirds of the window height; 

(b) Temperature of the radiator of the external flame: 

• If the flame height above the soffit of the window is less than 2 m, the average 

value of the window radiator temperature and the flame tip temperature is used as 

the temperature of the external flame radiator; 

If the flame height above the soffit of the window is more than 2 m, the external flame above the 

soffit of the window has to be divided into two parts - a bottom part and an upper part. The 

temperature of the window radiator is used as the temperature of the bottom part of the external 

flame ranging from the soffit of the window to 2 m below the flame tip. The average temperature 

of the window radiator temperature and the flame tip temperature is used as the temperature of 

the upper part of external flame radiator. 
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(c) Emissivity of the external flame: 

• Case 1: using experimental data of emissivity in the modeling 

Based on input data obtained by the theory of post-flashover compartment fire in 

Table 10-8 and experimental emissivity, the graphs of the theoretical modeling 

are plotted as shown in Figure 10-11. For most cases, the theoretical values are 

higher than the experimental results; this is due to the much higher theoretical 

flame height calculated by Equation (9-11) than the experimental flame height. 

• Case 2: using theoretical data of emissivity in the modeling 

The theoretical value of emissivity calculated by Equation (9.19) is 0.252 (when k 

= 0.30 m"1)[40] or 0.394 (when k = 0.518 m"1)[37]-

Based on input data obtained by the theory of post-flashover compartment fire in 

Table 10-8 and emissivity s = 0.394, the graphs of the theoretical modeling are 

plotted as shown in Figure 10-12. It can be found that for most tests, the 

theoretical result of modeling radiation distribution is close to the experimental 

heat flux on the target wall. 

For most cases, the values of radiation heat flux calculated by the modeling using 

experimental results as input data of modeling are close to the experimental 

distribution; the values of radiation heat flux calculated by the modeling using 

theoretical results as input data are acceptable in real application if experimental 

results are not available. 
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results using the theory of compartment fire and experimental emissivity 
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Figure 10-12 Comparison of experimental radiation distribution and modeling results 

using the theory of compartment fire and theoretical emissivity 
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Chapter 11 

Modeling Fire Spread from the Fire Building to Adjacent 

Buildings 

During a fire, flame may project out of windows/openings and heat be transmitted to the 

surroundings. Accompanying the hot gases, flying brands from the fire may land on 

nearby buildings. When the temperature of the exposed combustible materials of adjacent 

buildings is raised high enough by the heat flux coming from the fire building, 

combustible materials will be ignited and fire will spread to adjacent buildings, 

sometimes even disastrous conflagration may occur. If there is no wind and the 

separation distance between the buildings is not too close, the convective heat flux is very 

low from the fire building compared with the radiation heat flux because of the rapid 

decrease of hot gas temperature with the increase of horizontal distance between 

buildings. Therefore, the study of fire spread between buildings can focus on the 

radiation heat flux from the fire building. 

Based on the field fire experiments known as St. Lawrence Burns [32], before fire could 

spread to the whole building, the buildings could contain the fire for more than 16 

minutes after ignition, which provided enough time for the firefighters to arrive to the fire 
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scene. Therefore, in this thesis, the purpose of modeling fire spread between buildings is 

to prevent fire spreading from the fire building to its adjacent building only for the 

scenario that fire still can be contained in the fire building before the fire spreads to the 

whole building. The worst situation considered for the model in this thesis is that all 

compartments in the fire building are on fire, but the radiation heat flux coming from the 

fire building includes two parts: 

• Radiation comes from the compartment fire though its opening such as window or 

door 

• Radiation comes from the external flame out of the window or door. 

To simplify the model for fire spread between buildings, in this thesis, following is 

assumed 

(a) Every opening of a building has a rectangular shape; 

(b) The external walls are perpendicular to the ground; 

(c) The two exterior walls of two adjacent buildings facing each other are parallel. 

In this thesis, the relationship between the opening of the fire building and the target 

point on the adjacent building only considers their relationship on the vertical plane (or in 

x-y plane) by ignoring the separation distance between them. 



178 

11.1 Modeling Fire Spread between Buildings by Configuration Factor 

In current fire safety codes, engineering methods based on fire experiments are used to do 

the calculation of acceptable separation distance between buildings. It is assumed that a 

fire can spread to an adjacent building when the configuration factor for the fire building 

to an adjacent building exceeds critical configuration factor which yields the critical heat 

flux that could ignite the combustibles on the target wall. 

11.1.1 Calculation of the Configuration Factor for Buildings with Multiple Openings 

to a Target Point on a Parallel Wall of an Adjacent Building 

The key of modeling fire spread from the fire building to adjacent buildings is to find a 

universal method to calculate the configuration factor from the fire building to an 

adjacent building. 

11.1.1.1 The basic equation for calculation of the configuration factor for a opening 

to a target point 

Assume a target point is exactly located across from one corner of an opening in a 

vertical plane as shown in Figure 11-1. If 

a) The position of the left and bottom corner of the opening is (x0 ,y0), 

b) The position of the right and top corner of the opening is (xj ,yx), 

c) The position of the target point is (x, y); 

d) The distance between the external wall and the target point is c. 
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Figure 11-1 Target point is exactly at a corner of the window in vertical plane. 

Then let 

M = ± = xl-Xo,N=b = y1-y0 

c c c c 

Configuration factor in Figure 11-1 is 

(11.1) 

1 \ M i 
FdE-A= — < • tan 2HVl + M2 

N 

yll + M2 

N 

yll + N2 
rtaiT1 M 

J\+N2 (11.2) 

11.1.1.2 Three possible basic types of relationships between an opening of a fire 

building and a target point on a target wall 

In this thesis, three basic relationships for calculating the configuration factor between an 

opening and a target point are presented. With these relationships the configuration factor 
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between any opening on the fire building and a target point on an adjacent building can 

be calculated. 

11.1.1.2.1 The target point is located within the inside of the opening projection in 

vertical plane 

Whenx0 < x < xx,y0 < y < y, as shown in Figure 11-2, the target point is within the boundary 

of a window if only considering the vertical x-y plane. 

Oi.Ji) 
i 

N 

i i 

r 

M ' , M 

A! : A 2 
1 

(x,y); dAE 
1 
1 
1 

A3 ! A4 
1 

CWo) 

Figure 11-2 Target point is within the boundary of the opening. 

Let 

y,-y A„ y -y0 M = -± , Af' = -; N = +^^, N' = -
c c c c 

(11.3) 

Therefore, the configuration factor is 

F __L M' 
dE-A 2 * U ^ r 

tan 
N 

yll + M' 

N 

ViT 
-tan 

N2 

M' 

Vi+iv2 



1 dE-A. 2n\4\ + M2 
tan N 

^ M2 

N 

Vi7 
:tan 

N2 

M 

i l + N2 

M' 
dE-A, l n \yll + M'2 

:tan 
N' 

yll + M' 

N' 

yll + N' 
-tan 

M' 

yJl + N' 
(11.4) 

dE-A, 2n \yl\ + M2 

M _, 
tan 

N' 

Vl + M2 

N' 

yll + N' 
:tan 

M 

VI+JV 

The total configuration factor 

^dE-A ~ rdE-(At+A2+A,+A,) ~ ^dE-A1
 + ** dE-A2

 +**'dE A, + ^ dE-A, (11.5) 

11.1.1.2.2 The target point is outside one side of an opening in vertical plane 

Whenx < x0 or x > xx, y0 <y <yx; or x0 < x < xx, y < y0 or y > yx as shown in Figure 11-3, the 

target point is beside one of the boundaries of an opening if only considering the vertical 

x-y plane. 
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Figure 11-3 Target point is beside one side of the boundary of the opening. 



Let 

m a x ( | x , - x | , | x 0 - x | ) min( |x , -x | , | x 0 - x | ) 
M = ,m = 

N=hzy, „.=*-!»>. (11.6) 

Therefore, the configuration factor is 

1 M 

2xU 
-tan 

l + M2 

N 

Vl + M2 

N 

yjl + N7 
:tan 

M 

I l + N2 

p = 
1 dE-Bl 

1 m 
ln U/T+ 

:tan 
m 

N 

VI+" m 

tan ' 
4\ + N 

m 

yll + N2 

F =—— 
1 dE-A2vB2 

ln VT+ 
M , 

tan ' 
M 2 

TV' 

Vl + M2 
tan ' 

-Jl + N 

M 

^ N' 
(11.7) 

J7 1 W
 + -1 

^ £ - B . = — -i • tan 2* VTr" W 

AT 

Vi + m 

Af' 

Vl + AT' 
rtan #z 

VT7 Af' 

The total configuration factor 

FdE-A - FdE-(Al+A2) ~^dE-A^B^ FdE_B^ + FdE_A^B^ ~FdE_Bi (11.8) 

11.1.1.2.3 The target point is outside the opening in vertical plane 

When x < x0 or x > x,, y < y0 or y > yx as shown in Figure 11 -4, it is defined that the target 

point is at the outside of an opening in vertical plane. 
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Figure 11-4 Target point is at outside of the opening. 

Then let 

ly. max( |x , -xL |x 0 -x l ) min(|x, — xl, |xn — xl) 
M = , m = 

max(\yx-y\,\y0-y\) min(|^, -y\,\y0 -y\) 
w = , n = 

Therefore, the configuration factor is 
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Bi ^ U/i+~ 
rtan 

m VI7 m Vi+«: 
tan m 

Vi+«2 

The total configuration factor is 

F dE-A *' dE-A1^jB1<jB2^jB3 ^ dE-B^B^ ^'dE-B2uB, + ** dE-B, (11.11) 

11.1.1.3 The calculation of configuration factor by computer programming 

If a building has several openings in one external wall, the relationship between an 

opening and the target point on an adjacent building will be one of the three basic 

relationships discussed above. The total configuration factor for buildings with multiple 

openings to a target point of the external wall can be considered as the summation of the 

configuration factors for each opening to the target point. 

**dE-A ~ 7 , ^dE-A, (11.12) 

Based on equations (11.1-11.11), the configuration factor for the buildings with multiple 

openings to a target point can be easily calculated by a computer programming. The flow 

chart of the computer program to calculate the configuration factor for a building to a 

target point of external wall of an adjacent building is shown in Figure 11-5. 



Input N (numbers of opening) 

Input (x,y) (position ofa target point) 

Let total configuration factor TF = 0 

1 
Loop i = 1, N (opening i) 

Input opening i position 
(x0,y0) and ( x ^ ) 

Input data c, (separation distance 
between opening i and the target point) 

Calculate configuration 
factor F, using eqn. (11.5) 

Calculate configuration 
factor F, using eqn. (11.8) 

Calculate configuration 
factor F! using eqn. (11.11) 

Total configuration factor 
TF=TF+F, 

No 
i > N 

Yes 

i End; 

Figure 11-5 Flow chart of calculation of configuration factor 
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11.1.2 The Calculation of Maximum of Configuration Factor 

The reason for fire spread from the fire building to an adjacent building is that the 

radiation heat flux on the adjacent building exceeds the pilot ignition heat flux of the 

combustible material on the target wall. The most likely position to be ignited is the point 

with the maximum configuration factor from openings of the fire building to the external 

wall of the adjacent building. 

If a building has evenly distributed windows or openings and the number of rows and 

columns of windows or openings are odd, according to the symmetry of windows, the 

maximum configuration factor can be found at the center point of the middle window or 

opening. Otherwise, the location of the maximum configuration factor may change 

depending on the distribution and sizes of the openings and the separation distance 

between the two external walls of the buildings. Searching for the maximum 

configuration factor can be done by the numerical method presented below. 

Letting f(X) = -TF(X). Therefore the point with the maximum total configuration factor 

TF(X) is exactly the same as the position with the minimum value of the function f (X). 

The algorithms using the simplex method [56'57] of searching the position with the 

minimum value of the function f (X) are described in Table 11-1. 
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Table 11-1 Algorithms for calculation of the maximum configuration factor 

1. Let f (X) = -TF(X) and choose the initial point Xi (xi, yi), find its function value 

2. Choose the step length k; let X2 = xi + k; y2= yi and X3 = xi; y3= yi+ k. Find the 

point X2 (x2, y2), X3 (x3, y3) and the corresponding f2 =f (X2), f3 =f (X3). 

3. Compare fi, f2 and f3. Then let fh =max(fi, fi, fa), / = min(fi, f2, fi) and fm ( 

f,<fm< fh), and the corresponding point Xh, Xi and Xm 

4. Find the point X0 (x0, y0) at the middle of the line connecting points Xi and Xm , 

and corresponding function f0 =f (X0) 

5. Reflect Xh in X0 to get point Xr and its function fr =f (Xr) as shown in Figure 11-6. 

X r- X„ = a (X„ - Xh ) or X r= (1+a )X„ - a Xh (11.13) 

Figure 11-6 Reflection. 

6. Compare fr with fr 
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1) if fr< fi, the new lowest function value is obtained. Make an expansion along 

the direction from X0 to Xr to find the point Xe and its function value fe =f 

(Xe) as shown in Figure 11-7. 

Xe-X„= / (X r -X„)or X e=(l- r)X 0+ yXt (11.14) 

Figure 11-7 Expansion. 

a) If fe< f , replace point Xhby Xe. let Xi= Xe,, X2= Xi, X3= Xm and fi = fe, 

h.= fi , f3= fn- Check whether they satisfy the convergence criterion 

a = jK-Tf^-Tf+to-tf. < € (11.15) 

Where: 

/ = fl+f
3
2+h (11.16) 

e = a pre-determined very small value 

Check if the convergence criterion is satisfied. 

• If yes, all function values are very close, the minimum is found 
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• If no, return to step 3. 

b) If fe > fi, abandon point Xe (moved to far) and replace point Xh by Xr. Let 

Xi= Xr,, X2= Xi, X3= Xm and fi = fr, f2 = fi, f3= fm. Then check whether 

the convergence criterion is satisfied. 

• If yes, all function values are very close, the minimum is found 

• If no, return to step 3. 

2) if fi < fr < fm , replace point Xh by Xr. let Xi= Xi,, X2= X r , X3= Xm and fi = fi, 

fi = fr, f3= fm- Check whether they satisfy the convergence criterion 

• If yes, all function values are very close, the minimum is found 

• If no, return to step 3. 

3) if fr >fm, go to the step 7. 

7. Compare fr with fh 

Figure 11-8 Contraction (when fr > fh). 



1) IF fr > fh , do contraction as show in Figure 11-8. Let 

X e - X n ^ C X h - X , , ) o r X c = ^ X h + ( l - > f f ) X 0 

Where: p = coefficient (0<p<l) 

Figure 11-9 Contraction (when fr < fh) 

2) IF fr < fh , replace point Xh by Xr and fh by fr. Then do contraction as shown in 

Figure 11-9. Let 

Xc-X0=y9(X r-X0) orXc=>SXr+(l-^)X0 (11.18) 

8. Compare fc with fh 

1) IF fc < fh , replace point Xh by Xc. let Xi= XCi, X2= Xi, X3= Xm and fi = fc, f2 

= fi, f3= fm. check whether they satisfy the convergence criterion 

If yes, all function values are very close, the minimum is found 

If no, return to step 3. 

190 

(11.17) 
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2) IF fc > fh , can not find a function value less than fh. We have to reduce the 

size of simplex by letting 

Xi= Xi,, 

X2=X1, + 0.5(X2-X1,) 

X3 = X,, + 0.5(X3-XI,) (11.19) 

3) Find corresponding function value f\, f̂  and f3. Then return to step 3 

9. If convergence is achieved, the position and maximum configuration factor are Xi 

and -fi respectively. 

10. The maximum configuration factor Fmax(c)= -fi 

11.1.3 Calculation of Spatial Separation Distance between Buildings 

Based on the field studies called the St. Lawrence Bums, McGuire [43] suggested that the 

critical configuration factors to prevent fire spread between buildings for the particular 

hazardous condition and normal hazardous conditions should be 0.035 and 0.07 

respectively. Once the severity of fire building is known, the acceptable separation 

distance between the target building and its adjacent building can be calculated by the 

algorithms in Table 11-2. 
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Table 11-2 Algorithms for the calculation of the separation distance between buildings 

i. Input the critical configuration factor Fcrit 

2. Input the tolerance convergence criterion e = IO"9 

3. Input the search range of separation distance of two buildings (co, Ci) 

4. Calculate the Fmax(c0) and AF0= Fmax(co) -Fcrit 

5. Calculate the Fmax(ci) and AFi= Fmax(ci) -Fcrit 

6. Let C2=0.5 (c0+ ci) and calculate the ¥max(c2) and AF2= Fmax(c2) -Fcrit 

7. If AF2 < e , then convergence, the separation distance of two buildings is C2 

8. Otherwise 

• AFo x AFi < 0 and AFi x AF2 > 0, let Co = Co and C] = C2 , return to step 4 

• AFo x AFi > 0 and AFi x AF2 < 0, let Co = C2 and ci = ci, return to step 4 

• otherwise, enlarge the initial searching range of separation distance (co, ci) 

11.1.4 Examples 

In the following examples of calculation, the coefficients used for searching the 

maximum configuration factor in this thesis are recommended by[57] (a=l, P=0.5, y=2) 

and the tolerance used as the convergence criterion is e = IO"9. 

11.1.4.1 Example (11.1): The calculation of maximum configuration factor 

Assume that there is a building with recessed portions. The number and dimensions of 

openings on one external wall of the fire building and the spatial separation between the 
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two buildings are shown in Figure 11-10. The extreme dangerous scenario is that 

flashover occurs in every room and all glasses of the windows fall out. Considering two 

scenarios are with the door closed and the door open, calculate the configuration factor at 

the following target points. 

Fire building 
Target wall 

Figure 11-10 A building with recessed portions 

Case 1: Calculate the radiation heat flux on the target point located at (3, 7) in vertical 

plane of the external wall of the adjacent building, 

Case 2: Calculate the maximum configuration factor on the external wall of the adjacent 

building. 
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Solution: 

a) Put input data in Table 11-3 into the computer programming. 

b) The outputs of Example (11.1) are listed in Table 11-4. 

Table 11-4 shows that 

1. Casel: 

• When the door is closed, the configuration factor at the target point located at (3, 

7) on the external wall of the adjacent building is 0.142 

• When the door is open, the configuration factor at the target point located at (3, 7) 

on the external wall of the adjacent building is 0.165 

2. Case 2 

• When the door is closed, there are two locations (1.523, 5.611) and (1.523, -

5.611) having the maximum configuration factor when the initial searching 

points are different, but the values of maximum configuration factors are the 

same; 

• When the door is open, there is only one position (0, 2.63) having the 

maximum configuration factor when the initial searching points are different; 

• The maximum configuration factors on the target wall are 0.2336 and 0.1537 

respectively for two scenarios that door is open and door is closed. 



Table 11-3 Input data of Example (11.1) 

Dimension of openings 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Left and bottom 
corner (x0,y0) (m) 

(-14, 0.5) 
(-10.5, 0.5) 

(-6, 0.5) 
(4.5, 0.5) 
(9, 0.5) 

(12.5, 0.5) 
(-14, 3.5) 

(-10.5, 3.5) 
(-6, 3.5) 

(-2.5, 3.5) 
(1,3.5) 

(4.5, 3.5) 
(9, 3.5) 

(12.5, 3.5) 
(-6, 6.5) 

(-2.5, 6.5) 
(1,6.5) 

(4.5, 6.5) 
(-2.5, 0) 

Right and top 
corner (x,,j>,) 

(m) 

(-12.5, 2.5) 
(-9,2.5) 

(-4.5, 2.5) 
(6, 2.5) 

(10.5,2.5) 
(14, 2.5) 

(-12.5, 5.5) 
(-9, 5.5) 

(-4.5, 5.5) 
(-1, 5.5) 

(2.5, 5.5) 
(6, 5.5) 

(10.5, 5.5) 
(14,5.5) 

(-4.5, 8.5) 
(-1, 8.5) 
(2.5, 8.5) 
(6, 8.5) 

(2.5,2.5) 

Separation distance 
between opening and 

target wall (m) 

6 
6 
5 
5 
6 
6 
6 
6 
5 
5 
5 
5 
6 
6 
5 
5 
5 
5 
5 

Target point 

Coordinate of the fixed 
point (m) 
(Case 1) 

(3,7) 

Maximum configuration factor 
(Case 2) 

Coordinate of initial 
searching point (m) 

(1, 3) 

or 

(-3, 2) 

Step length (m) 

0.5 
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Table 11-4 The output data of Example (11.2) 

Door 

Closed 

Open 

Fixed Target Point (Case 1) 

Position 

(3,7) 

(3,7) 

Configuration 

Factor 

0.142 

0.165 

Maximum Configuration Factor (Case 2) 

Initial searching point 

(1, 3) 

(-3, 2) 

(4,5) 

(-3,2) 

Final position 

(1.523,5.611) 

(-1.528, 5.610) 

(0.000, 2.628) 

(0.000, 2.628) 

Value 

0.1537 

0.1537 

0.2336 

0.2336 

11.1.4.2 Example (11.2): Calculation of the acceptable separation distance between 

buildings 

A residential building with no combustible materials on its external wall will be built on a 

land lot. If fire occurs in this residential building, the fire may spread from this building 

to adjacent buildings. On one of the external walls, there are six windows and one open 

door as shown in Figure 11-11. To protect the adjacent buildings from fire spread, the 

minimum separation distance required between these two buildings is calculated based on the 

following scenario: 

• A fire starts in compartment 1 of this new building, 

• The fire severity in the new building is considered hazardous. 

• The dimensions of the relative compartments and openings are listed in Table 11-5. 
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Figure 11-11 A building with irregular distribution of openings 

Table 11-5 The dimensions of relative compartments and its openings 

Floor 

1 

2 

3 

Compartment 

1 

2 

3 

4 

5 

6 

Dimensions 
of the 

compartment 
(WxDxH) 

(m) 

9x10x3 

4.5x5x3 

4.5x5x3 

4.5x5x3 

4.5x5x3 

4.5x5x3 

Relative 
opening on 
the external 

wall 

1 and 7 

6 

2 

5 

3 

4 

Window 
(WxH) 

(m) 

2x1.5 

2.5x1.5 

2x1.5 

2x1.5 

2x1.5 

2x1.5 

Window 
(WxH) 

(m) 

2x1.5 

Window 
(WxH) 

(m) 

2x1.5 

Door 
(WxH) 

(m) 

1x2 

1x2 

1x2 

1x2 

1x2 

1x2 

Door 
(WxH) 

(m) 

2x2.5 

Other data used in this example: 

• Compartment: 

The fuel density of wood: mean = 30.1 kg/m2; standard deviation (sd) = 4.4 kg/m2 

[25] 
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Heat of combustion of fuel Hch= 12.4 KJ/g[55] 

Fire growth parameter a: mean = 0.047 kW/s2 (fast); sd = 0.007 kW/s2 (assumed). 

• Window: 

Material: common glass; 

Fire resistance rating to IS0834 fire: mean=2 min, sd =0.3 min (assumed). 

• Door: 

Material: wood; 

Fire resistance rating to IS0834 fire: mean=10 min, sd = 1.5 min (assumed). 

• Wall & ceiling: 

Material: Gypsum board Jkpc = 0.742 kJ/m2s0SK [25] 

Fire resistance rating to IS0834 fire: mean = 45 min, sd = 6.75 min (assumed). 

• Floor: 

Material: wood Jkpc = 0.436 k]/m2s0SK [25] 

Steps of Solution: 

1) Calculation of fire spread in the building 

• Assume that the fire starts in Compartment 1 on the first floor and the fire is 

reported when flashover occurs. The time of simulation of fire spread in the 

building starts at this moment (t =0). It is also assumed that the common glasses 

of windows will break and fall out once flashover occurs in a compartment. The 
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fire may spread to adjacent buildings due to the radiation from window 1 and the 

open door of Compartment 1 on the first floor. 

• After flashover, the ventilation controlled fire will project out of Window 1 and 

the open door on the first floor. The radiation and convective heat flux coming 

from the projecting flames out of Window 1 and open door may break the glass of 

the windows of the above compartments and ignite the combustible materials 

inside the compartments on the second floor. At the same time, heat will transfer 

from Compartment 1 to its adjacent compartment through conduction. 

• The times of ignition and flashover in each compartment based on the computer 

simulation using the dynamic fire spread modeling are listed in Table 11-6. 

Table 11-6 Times of ignition and flashover in each compartment 

Floor 

Compartment 

Time of ignition in the 
compartment (min) 

Time of flashover in the 
compartment (min) 

Relative opening on the 
external wall 

1 

1 

0 

0 

1 & 7 

2 

6 

11 

6 

2 

3 

1 

6 

2 

4 

1 

5 

5 

3 

5 

6 

11 

3 

6 

7 

10 

4 

2) Calculation of the required minimum separation distance between two buildings 

with time effect 

Table 11-6 shows the time of ignition and flashover times in the buildings which can be 

used to calculate the configuration factor between the fire building and its adjacent 



buildings. Only the openings of compartments where flashover has already occurred are 

considered in this calculation. If the configuration factor from the fire building to an 

external wall of an adjacent building is less than the critical configuration factor, it is 

believed that the fire cannot spread to the adjacent building. 

• If the fire severity of a fire building is considered hazardous, the critical 

configuration factor for fire to spread to its adjacent building is 0.035 [43]. 

• If the fire severity of a fire building is considered normal, the critical 

configuration factor for fire to spread to its adjacent building is 0.07 [43]. 

The other data used to do the calculation are listed in Table 11-7. 

Table 11-7 The input data of searching minimum separation distance between buildings 

Dimension of openings 

1 

2 

3 

4 

5 

6 

7 

Left and bottom 
corner (x0,y0) 

(m) 

(1.5, 1.0) 

(1.5,4.0) 

(1.5,7.0) 

(5.5, 7.0) 

(5.5,4.0) 

(10, 1.0) 

(5.5, 0) 

Right and top 
corner (x, ,^,) 

(m) 

(3.5, 2.5) 

(3.5, 5.5) 

(3.5, 8.5) 

(7.5, 8.5) 

(7.5, 5.5) 

(12.5,2.5) 

(7.5,2.5) 

Initial 
searching 

coordinate 

(m) 

(3,8) 

The initial searching range for separation 
distance between two buildings 

Nearest distance 
(m) 

1 

Furthest distance 
(m) 

100 
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Using the input data in Table 11-6 and Table 11-7, the required minimum separation 

distances between the two buildings at different times and severity of the fire building are 

listed in Table 11-8. If fire fighters can arrive the scene within 10 minutes after fire is 

reported, the separation distances for the new building should be 11 m away from its 

adjacent buildings for hazardous fire severity and 7 m for normal fire severity. 

Table 11-8 Required minimum separation distance between two buildings 

Time (min) 

Minimum separation 

distance based on the 

severity of the fire 

building (m) 

Hazardous 

(Fcnt =0.035) 

Normal 

(Fct =0.07) 

< 5 min 

7.99 

5.27 

5-6 min 

9.38 

6.18 

6-10 min 

10.61 

6.97 

10-11 min 

11.60 

7.57 

> 11 min 

13.56 

8.75 

11.2 Modeling Fire Spread between Buildings by Radiation 

11.2.1 Radiation Heat Flux Emitted from the Fire Building 

The intent of studying radiation in this thesis is to prevent fire spread from a fire building 

to adjacent buildings within expected fire fighters arrival time. The fire considered in this 

thesis is assumed to be a fire still contained in the fire building and has not spread to the 

roof of the building. According to the experiments of St. Lawrence Bums [32], it takes at 

least sixteen minutes for radiation heat flux from fire building to reach its maximum. For 

this reason, radiation from the fire building in this thesis is assumed to be emitted from 
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windows/openings in an external wall and the flames projecting out of 

windows/openings. 

11.2.1.1 Fire building with one window/opening in the external wall 

Assume that there is a building with only one window in the external wall. In the case of 

fire, the fire may spread to other buildings following flashover. Radiation heat flux to 

adjacent buildings depends on whether the fire is fuel surface controlled or ventilation 

controlled. 

11.2.1.1.1 Fuel surface controlled fire 

If the compartment fire is fuel surface controlled, flame bums only inside the 

compartment; therefore radiation comes from only one radiator - the window radiator. 

q =qw = FwEwoTi (11.20) 

Where: 

qw = Radiation heat flux coming from window radiator to a target point, (W/m2); 

Fw = Configuration factor of window radiator to a target point; 

£w= Emissivity of window radiator; 

Tw = Temperature of window radiator, (K). 

In the calculation, the following are used as input data: 

• Dimensions of window radiator is the dimension of window/opening; 
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• Separation distance between window radiator and target point is the distance 

between two buildings; 

• Temperature of window radiator is the room temperature calculated by 

Equation (9.5); 

• Emissivity of the window radiator equals 1.0 ( £w = 1.0). 

11.2.1.1.2 Ventilation controlled fire 

If the compartment fire is ventilation controlled, the flame will project out of the window; 

therefore radiation comes from two radiators - the window radiator and the external flame 

above the window. 

" n II 4 

q = <7w + <7e/ = £W<*FdE-wTw + Zef<*F dE-EF^J ef) (11-21) 

(a) window radiator 

In this calculation, the following are used as input data: 

• Dimensions of window radiator are the dimensions of window/opening; 

• Separation distance between window radiator and target point is the distance 

between two buildings, ignoring the impact of the flame projecting beyond 

window plane on radiation; 

• The maximum value of the results of Equation (9.5) and Equation (9.17) is used 

as the temperature of window radiator; 

• Emissivity of the window radiator equals 1.0(£w = 1.0). 
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(b) flame radiator above window 

Based on the results of the full scale experiments on radiation from fires to adjacent 

buildings conducted in National Research Council of Canada, the following are suggested 

in the calculation of the radiation from the flame radiator. 

• Dimensions of flame radiator above window 

The width of flame radiator above the window is the width of window/opening. The 

height of flame radiator above window is the flame height above the window calculated 

using Equation (9.11) 

• Separation distance 

Separation distance between the flame radiator and the external wall of the adjacent 

building is the distance between the buildings minus two third of the height of window or 

opening. 

• Temperature of flame radiator above window 

If the flame height above the soffit of the window is less than 2 m, the average value of 

the temperature of window radiator and the temperature of the flame tip can be used as 

the temperature of flame radiator above window. 

If the flame height above the soffit of the window is more than 2 m, the flame radiator 

above window is divided into two parts - top part and bottom part. The height of the top 

part is 2 meter long ranging from flame tip to 2 meter below it. The average value of the 

temperature of the window radiator and the temperature of the flame tip is used as the 

temperature of the top part of the flame radiator. The length of the bottom part equals to 
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the flame height above the window minus 2 meters ranging from the soffit of window to 

2 meter below the flame tip. The temperature of the window radiator is used as the 

temperature of bottom part of flame radiator. 

• Emissivity 

For the external flame, the emissivity can be calculated by the equation given by Law[40] 

£f = 1 - e~kX (11.22) 

Where: 

k = Coefficient, k =0.30 m"1 

2 

X = Thickness of the external flame, A = -H0 

11.2.1.2 Multiple openings in the external wall of the fire building 

For buildings with multiple windows/openings, the radiation heat flux to the target point from 

the fire building can be considered as the summation of the radiation heat flux from each 

window/opening calculated by Equation (11.21). Based on the configuration factor calculated by 

Equations (11.1-11.11), the radiation heat flux coming from the fire building with multiple 

openings to a target point of an adjacent building can be easily calculated by a computer model. 

The flow chart of the computer model to calculate the radiation heat flux for a fire building with 

multiple openings to a target point is shown in Figure 11-12. 

<7" = 2 X (H-23) 

Where: q" = Radiation heat flux coming from opening i. 
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( Start J 

Input (x,y) (position of a target point) 

T 
Loop k= 1, M (compartment k) 

I 
Input compartment k information 

I 
Input opening information of compartment k 

I 
Calculation of post-flashover fire of compartment k 

I 
Loop i = 1, N (radiator i at the external wall of room k 

Calculate configuration 
factor F, using eqn. (11.5) 

Calculate configuration 
factor F, using eqn. (11.8) 

Choose the emissivity of the radiator 

I 
Calculate the radiation heat flux by eqn. (11.21) 

Calculate configuration 
factor F, using eqn. (11.11) 

Figure 11-12 Flow chart of calculation of radiation heat flux 
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11.2.2 The Calculation of the Maximum Radiant Heat Flux from a Fire Building on 

the Target Wall of an Adjacent Building 

The reason for fire spread between buildings is that the radiation heat flux exceeds the pilot 

ignition heat flux of the combustible material. The most likely ignition point is the point receiving 

the maximum radiant heat flux from the fire building. The numerical method searching the 

maximum radiant heat flux is described below. 

Assume that f(X) = - q"(X), where X =(x, y) is the coordinate of target point in x-y plane. 

The point with the maximum value of the radiation heat flux function ^"(X) is the same as 

the position with the minimum value of the function f (X). The algorithms of the simplex 

method [56'5Ti searching the position with the minimum value of the function f (X) are 

described in Table 11-9. 

Table 11-9 Algorithms of searching maximum radiation heat flux by simplex method 

1. Let f (X) = -TF(X) and choose the initial point Xi (xi, yi), find its function value 

2. Choose the step length k; let x2 = xi + k; y2= yi and X3 = xi; y3= yi+ k. find point 

X2 (x2, y2), X3 (x3, y3) and corresponding f2 =f (X2), f3 =f (X3). 

3. Compare three values fi, f2 and f3. then let fh =max(fi, f2, f3), /,= max(fi, f2, f3) 

and fm ( f, < fm < fh), and corresponding point Xh, Xi and Xm 
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Find the point X0 (x0, y0) at middle of the line connecting points Xi and Xm , and 

corresponding function f0 =f (X0) 

Reflect Xh in X0 to get point Xr and its function fr =f (Xr) as shown in Figure 11.13. 

- X0 = a(X0 - Xh) or Xr = (l + a)X0 - aXh (11.24) 

Figure 11-13 Reflection. 

Compare frwith fm 

1) if fr< fi, the new lowest function value is obtained. Make an expansion along 

the direction from X0 to Xr to find the point Xe and its function value fe =f 

(Xe) as shown in Figure 11-14. 

Xe-Xo= 7 ( X r - X „ ) o r X e = ( l - / ) X 0 + ^X r (11.25) 



Figure 11-14 Expansion. 

a. If fe < fi, replace point Xh by Xe. let Xi= Xe>, X2= Xi, X3= Xm and f 1 = fe, 

f2 = fi, f3= fm. Check whether they satisfy the convergence criterion 

<r = J(A-/)2
+(/2-7)2

+55g<e (11.26) 

Where: 

/ = f-HMh (11.27) 

e - the pre-determined very small value 

Is the convergence criterion satisfied? 

• If yes, all function values are very close, the minimum is found 

• If no, return to step 3. 

b. If fe > fi, abandon point Xe (moved to far) and replace point Xh by Xr. let 

Xi= Xr,, X2= Xi, X3= Xm and fi = fr, f2 = fi, f3= fm. Check whether they 

satisfy the convergence criterion 



• If yes, all function values are very close, the minimum is found 

• If no, return to step 3. 

2) If fi < fr < fm, replace point Xh by Xr. let Xj= Xi,, X2= X r , X3= Xm and fi = fi, 

f2 = fi, f3= fin- Check whether they satisfy the convergence criterion 

If yes, all function values are very close, the minimum is found 

If no, return to step 3. 

3) If fr >fm, go to step 7. 

7. Compare fr with fh 

Figure 11-15 Contraction (when fr > fb). 

1) If fr > fh , do contraction as show in Figure 11-15. 

Let 

Xc-X0= /3(Xh-X0) orXe= /?Xh+(l- /3)X0 (0</?<l) (11.28) 
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Figure 11-16 Contraction (when fr < fh) 

2) If fi < fh, replace point Xhby Xr and fi, by fi. then do contraction as show in Figure 

11-16. 

Let 

X c -X 0 =^(X r -X o ) orXc=/?X r+(l-/?)X0 (11.29) 

8. Compare fc with fh 

a. If fc < fh , replace point Xh by X .̂ let Xi= Xc,, X2= Xi, X3= Xm and fi = fc, f2 

= fi, f3= fin- check whether they satisfy the convergence criterion 

If yes, all function values are very close, the minimum is found 

If no, return to step 3. 

b. If fc > fh , fail to find a function value less than fh. We have to reduce the size 

of simplex by letting 

Xi= X,,, X2= X,, + 0.5(X2 - XO, X3 = X,, + 0.5(X3 - Xl() (11.30) 

Then find corresponding function value fi, f2 and f3. Then return to step 3. 
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9. If convergence, the position and value of maximum radiation heat flux are Xi and 

-fi 

10. The maximum radiation heat flux qmax(
c)= -fi 

11.2.3 Spatial Separation Distance between Buildings 

The condition of preventing fire spreading between two buildings 

q'max ^ q'crlt (H-31) 

Where: 

qmax = Maximum radiation heat flux from fire buildings to the external wall of 

the adjacent building, (W/m2); 

qcrit= Critical ignition heat flux of the combustible on the external wall of the 

adjacent building, (W/m2). 

Once the ignition heat flux of the adjacent building is known, letting the maximum 

radiation heat flux equals to the critical ignition heat flux, the minimum separation 

distance between fire building and its adjacent building can be found out by algorithms in 

Table 11-10. 
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Table 11-10 Algorithms of calculation of separation distance between buildings 

i. Input the critical ignition heat flux qcrit 

2. Input the tolerance of convergence criterion e = 10"9 

3. Input the initial searching range of separation distance of two buildings (co, Ci) 

4. Calculate q w O o ) and Aq0 = q w ( c 0 ) -qcrit 

5. Calculate ( W t O i ) and Aq[ = ^ ^ ( q ) -q"crit 

6. Let c2=0.5 (c0+ ci), calculate qmax(c2) and Aq2 = qmax(c2) -q"crit 

7. If | Aq21 ^ e , convergence, the minimum separation distance between two 

buildings is c2 

8. Otherwise 

• If Aqo x Aq2 < 0 and Aq^ x Aq2 > 0, let en = Co and ci = c2 , return to step 4 

• If Aqo x Aq2 > 0 and Aq^ x Aq2 <0, let Co = c2 and ci = ci, return to step 4 

• otherwise, enlarge the initial searching range of separation distance (co, Ci) 

The flow chart of the modeling of fire spread from the fire building to its adjacent 

building is presented by Figure 11-17 
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Figure 11-17 Flow char of modeling of fire spread to adjacent buildings 
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11.2.4 Example (11.3): Calculation of the separation distance between buildings 

based on radiation heat flux 

Figure 11-18 A building with irregular distribution of openings 

A residential building with no combustible materials on its external wall will be built on a 

land lot. If fire occurs in this residential building, the fire may spread from this building 

to its adjacent building. On one of the external walls, there are six windows and one open 

door as shown in Figure 11-18. The critical ignition heat flux of the combustible material on 

the external wall of adjacent buildings is 12.5 kW/m2.To protect the adjacent buildings from 

fire spread due to the radiation coming from the openings on the external wall of this 

building, calculate the minimum separation distance required between these two buildings if a 

fire starts in Compartment 1 of this new building. (This will yield a conservative time of fire 

spread to the adjacent building because at an exposure of 12.5 kW/m2 it will take some time for 

the combustible materials of the exposed building to ignite) 



The dimensions of relative compartments and its openings are listed in Table 11-5. Other data 

used in this example are listed below: 

• Ambient temperature: 20°C 

• Compartment: 

The fire load follows a normal distribution. Fuel density: mean = 30.1 kg/m2; 

standard deviation (sd) = 4.4 kg/m2 [25]. 

Heat of combustion of fuel Hch= 12.4 KJ/g [27] 

Fire growth parameter: mean = 0.047 kW/s2 (fast); sd = 0.007 kW/s2 (assumed). 

• Window: 

Material: common glass; 

Fire resistance rating to IS0834 fire: mean=2 min, sd =0.3 min (assumed). 

• Door: 

Material: wood; 

Fire resistance rating to IS0834 fire: mean=10 min, sd = 1.5 min (assumed). 

• Wall & ceiling: 

Material: Gypsum board Jkpc = 0.742 kJ/m2s05K [25] 

Fire resistance rating to IS0834 fire: mean = 45 min, sd = 6.75 min (assumed). 

• Floor: 

Material: wood Jkpc = 0.436 k]/m2sQSK [25] 

Steps of Solution: 



217 

1) Calculation of simulated fire spread in the building 

Assume a fire starts in Compartment 1 on the first floor and the fire is reported to fire 

station only when flashover occurs. The time of the simulation of fire spread in the 

building starts at this moment (t =0). The detail results of simulation are described in 

Example (11.2). The relation of opening and post-flashover fire with time effect is 

summarized in Figure 11-19. 

• Before flashover • After flashover 

6 FB B B I B B a iH1 1 1 1 '1^^ 
c I 

0 5 10 15 20 

Simulation Time (min) 

Figure 11-19 Relation between opening and post-flashover fire with time effect 

2) Calculation of post-flashover fire for each compartment 

Using the dimensions of the openings and compartments, the fire fuel density in the 

compartment, the output of post-flashover fire in each compartment can be calculated as 

seen in Table 11-11. 
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Table 11-11 The output of post-flashover compartment fire 

Floor 

1 

2 

3 

Compartment 

No. of 
compartment 

1 

1 

2 

3 

4 

5 

6 

Compartment 
temperature 

(°Q 

1068 

1068 

950 

929 

929 

929 

929 

Opening 

No. Of 
opening 

1 

7 

6 

2 

5 

3 

4 

Window 

temperature 

(°Q 

1103 

910 

1075 

1049 

1049 

1049 

1049 

Flame height 
above opening 

(m) 

2.00 

2.42 

2.41 

2.81 

2.81 

2.81 

2.81 

Temperature of 

opening radiator 

(°Q 

1103 

1068 

1075 

1049 

1049 

1049 

1049 

3) Calculation of the required minimum separation distance between two buildings 

The following are used to calculate the radiation heat flux emitted from the fire 

building 

• Compartments under post-flashover fire; 

• Dimensions of openings; 

• Temperatures of openings; 

• Height of external flames above windows 

• Emissivity of external flame; 

• The critical ignition heat flux = 12.5 kw/m2; 



• Coefficients for searching maximum heat flux (a=l, P=0.5, y=2)L J; 

• Initial searching range of separation distance between buildings; 

• Initial searching coordinate in x-y plane on selected target wall; 

• Tolerance for convergence criterion e = IO"9. 

By letting the maximum configuration factor to be equal to the critical configuration 

factor, the minimum separation distance between two buildings can be found as 

shown in Table 11-12 according to the fire spread process in the new building. If the 

fire fighter arrival time can be within 10 minutes, a 9.5 m separation distance is 

required between the new building and its adjacent buildings. 

11.3 Comparison separation distances required by the National 

Building Code of Canada with those calculated in Example (11.2) and 

Example (11.3) 

• This calculation is based on the National Building Code of Canada 2005 

The National Building Code of Canada 2005 does not consider the time effect of fire 

spread within fire building. To compare the result calculated in the two examples 

above with those of the National Building Code of Canada 2005, the separation 

distance required between buildings is calculated according to the fire spread process 

in the fire building as shown in Figure 11-19. A sample of the calculation for the 

scenario where all compartments are in fully-developed fire phase is presented below. 

Total area of exposing building face = 101.25 m2 
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Table 11-12 Minimum separation distance required between two buildings (m) 

Emissivity of 
external flame above 

opening 

Time 

0.252 (Law) 

0.394 (Beyreis) 

0.519 or 0.820 (Experiment) 

0 (Ignore) 

< 5 min 

6.20 

6.56 

6.96 

5.46 

5-6 min 

7.29 

7.74 

8.20 

6.32 

6-10 min 

8.20 

8.74 

9.23 

7.09 

10-11 min 

8.92 

9.53 

10.08 

7.64 

> 11 min 

10.33 

11.07 

11.69 

8.82 
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For the extreme scenario (all compartments are in the fully-developed fire phase), the 

aggregate area of unprotected opening on the external wall = 23.75 m2 

Ratio of aggregate opening area to exposing building face area = 23.2% 

According to Table 8-4 (Table 9.10.14.4 in NBCC), the limiting distance = 8.0 m 

The separation distance between two buildings =16 m 

Table 11-13 Separation distances calculated by NBCC and two models (m) 

NBCC 

Configuration 
factor (Severity) 

Radiation 
(Emissivity of 
external flame) 

Residential 

Normal 
(Fa* =0.07) 

Hazardous 
(Fcrit =0.035) 

0.252 (Law) 

0.394 (Beyreis) 

0.519 or 0.820 
(Experiment) 

0 (Ignore) 

< 5 min 

2.4-3 

5.27 

7.99 

6.20 

6.56 

6.96 

5.46 

5-6 min 

8 

6.18 

9.38 

7.29 

7.74 

8.20 

6.32 

6-10 min 

12 

6.97 

10.61 

8.20 

8.74 

9.23 

7.09 

10-11 min 

12 

7.57 

11.60 

8.92 

9.53 

10.08 

7.64 

> 11 min 

16 

8.75 

13.56 

10.33 

11.07 

11.69 

8.82 

• Comparison of the results calculated by the fire spread model between buildings 

based on configuration factor and radiation 

From Table 11-13, it can be found that the results of separation distances calculated by 

the model of fire spread between buildings by configuration factor has the maximum 

value when the severity of the fire building is hazardous or minimum value when the 

severity of the fire building is normal. The values calculated by the model of fire spread 

between buildings using the configuration factor are very close to those calculated by the 



model of fire spread between buildings by radiation when the impact of external flame is 

ignored. The values calculated by the model of fire spread between buildings by 

radiation seem more reasonable compared with those calculated by the model of fire 

spread between buildings by configuration factor. 

• Comparison of the results calculated by the two fire spread model with those 

required by NBCC 2005 

From Table 11-13, it can be found that the separation distances required by NBCC 2005 

are very different from those computed by the two models of fire spread between 

buildings. For the case with smaller ratio of aggregate opening area to the exposing 

building face area, the required separation distance between buildings is less than that 

calculated by the two models of fire spread between buildings. This may be due to the 

fact that NBCC only considers the ratio of aggregate opening area to the exposing 

building face area but not the size of a single opening. For the case with larger ratio of 

aggregate opening area to the exposing building face area, the required separation 

distance between buildings is much larger than that calculated by the two models of fire 

spread between buildings. The main problem of the NBCC requirements is that it mainly 

considers the ratio of the aggregate opening area to the exposing building face area and 

not the sizes of the openings and their distribution on the external wall. 



Chapter 12 

Conclusion of the Study of Modeling Fire Spread between 

Buildings 

12.1 Summary of the Study of Modeling Fire Spread between Buildings 

In this part of the thesis, a study of fire spread between buildings has been conducted. 

The main factor that causes fire spread between buildings is that the radiation heat flux 

received by the adjacent building exceeds the ignition heat flux of combustible material. 

Therefore, following work had been done to study the problem: 

1. Twelve full-scale fire experiments were conducted to study the impact on 

characteristics of compartment fire by fire load and window size and the impact 

on radiation heat flux by different window sizes, separation distances and fire 

fuels. The contribution of the external flame to the radiation heat flux on a target 

wall was analyzed and the emissivity of external flame for each experiment was 

calculated. Then the modeling of the radiation on a target wall using the 

experimental data was conducted. Furthermore, a method for modeling the 

radiation heat flux on a target wall using the theory of post-flashover 

compartment fires is presented. 



2. Three types of basic relationships that exist between a rectangular opening and a 

parallel target point are presented. Corresponding formulae to calculate the 

configuration factor are derived. By summing the configuration factor for each 

window or opening to the target point, the configuration factor for buildings with 

multiple openings to a target points can easily be calculated even for buildings 

with irregular distribution of windows, different size of opening and recessed 

portions. The algorithms for searching for the position and value of the maximum 

configuration factor for a building to the external wall of its adjacent building are 

presented. A model for calculation of the acceptable separation distance between 

buildings based on configuration factor has been proposed. Once the severity of 

the hazardous conditions of buildings is known, the minimum separation distance 

between buildings could be easily found out by letting the maximum 

configuration factor equals to the critical configuration factor. 

3. Based on the experimental results and modeling of radiation from compartment 

fires, a model of calculation of the separation distance between buildings based on 

radiation has been proposed. An example of the calculation is presented in which 

the results of the minimum acceptable separation distance between buildings are 

calculated for considering the impact by different values of emissivity. These 

results are compared with those calculated by the model of fire spread between 

buildings based on configuration factor. 



12.2 Further Study 

In order to improve the modeling of fire spread from the fire building to be used in 

application as a method of performance-based fire safety design and become part of fire 

safety codes in the future, the following work should be conducted: 

• The study of impact of fires with multiple compartments and multiple openings 

on radiation; 

• The study of impact of wind on radiation; 

• The study of impact of fuel type and size on emissivity; 

• The study of formulae to calculate the room temperature, flame height above 

opening which can predict values closer to experimental results. 
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Appendix A 

The Analysis of Experiments of Radiation from Compartment 

Fires to Adjacent Buildings 

A-1 Introduction to Fire Experiment 

In order to study the impact of external flames out of the window on the radiation 

distribution on a target wall and the emissivity of external flame, 12 full-scale 

experiments were conducted at the fire research laboratories of the National Research 

Council of Canada (NRCC). The size of the fire compartment was 5.95 * 4.4 x2.75 m 

(WxD xH). A wood-framed target wall was constructed with a size of 16'xl6' (4.88 x 

4.88 m) and placed away from the fire building at different separation distances. The 

window sizes of the fire compartment, separation distances between the fire building and 

the target wall, and fuel used in each experiment are reported in Table A-1. The 

distribution of instruments on the external wall of the fire building was the same in all 

tests as shown in Figure A-1. Due to the use of more radiometers and increasing of flame 

height above the window with the decreasing of window width, the distribution of 

instmments on the target wall was updated twice as shown from Figure A-2 to Figure A-

4. 



Table A-1 The matrix of the fire experiments 

Test 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Fuel 

Propane 
Propane 
Propane 
Propane 
Propane 
Propane 
Propane 
Propane 
Propane 

Wood cribs 2"x4" 
Wood cribs 2"x4" 
Wood cribs 2"x2" 

Window (W x H) (m) 

2.55x1.45 
2.55x1.45 
2.55x1.45 
1.45x1.45 
1.45x1.45 
1.45x1.45 
1.10x1.45 
1.10x1.45 
1.10x1.45 
1.10x1.45 
1.45x1.45 
2.55x1.45 

Separation distance (m) 

3 
3.5 
4 
3 

3.5 
2.4 
3.5 
3 
4 
3 
3 
3 

Figure A-1 Instrumentation on the external wall of fire building 
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Figure A-2 Instrumentation on the target wall (Test 1-4) 
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Figure A-3 Instrumentation on the target wall (Test 5) 
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Figure A-4 Instrumentation on the target wall (Test 6-12) 
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A-2 Analysis of the Experimental Data 

In order to remove the noise inherent in experimental data, the initial experimental data 

were first smoothing after each experiment. A sample graph comparing the experimental 

data for temperature or heat flux with the data after smoothing is shown in Figure A-5. 

Then a period (around 5 minutes) of experimental data during fully-developed fire phase 

was chosen to do the analysis. By taking the average of each selected data, the value of 

temperature or heat flux at each point during post-flashover fire phase can be calculated. 

1. Testl (2.55x1.45 & 3m, Propane) 

• A graph comparing the initial data with the data after smoothing for the 

temperature at the point T3 (shown in Figure A-1) on fire building or heat flux at 

the point HI on the target wall (shown in Figure A-2) is plotted in Figure A-5. 

• The thermal images of the fire building and target wall are shown in Figure A-6. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 11:28:54 and 11:33:55 were chosen to do the experimental study of Test 

1. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at points on the target wall 

opposite the vertical centerline of the window are shown in Figure A-7. 
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(b) Heat flux at the point HI on target wall 

Figure A-5 Sample of the experimental data before and after smoothing 



Figure A-6 Thermal image of fire building and target wall 

Figure A-7 Temperature distribution and heat flux distribution of target wall 

• Based on the modeling in Chapter 10, the maximum flame temperature at the 

window was used as the temperature of window radiator. The average of the 

flame tip temperature and the temperature of window radiator was used as the 

temperature of the radiator of external flame. The intensities of radiation coming 

from window radiator and external flame radiator can be calculated. Then the 
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emissivity of external flame radiator can be calculated by Equation (10.5) as 

shown in Table A-2. 

Table A-2 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

1210 

1021 

NA 

1.5 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

Heat flux 
(kW/m2) 

23.99 

26.71 

22.94 

25.43 

24.22 

19.68 

19.30 

6.41 

Emissivity of 
external flame 

0.749 

0.945 

0.501 

0.699 

0.650 

0.418 

1.242 

-0.561 

Average 
emissivity 

0.580 

2. Test 2 (2.55x1.45 & 3.5m, Propane) 

• The thermal images of the fire building and target wall are shown in Figure A-8. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 13:39:43 and 13:44:43 were chosen to do the experimental study of Test 

2. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-9. 
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Figure A-8 Thermal image of fire building and target wall 

Figure A-9 Temperature distribution and heat flux distribution of target wall 

• The maximum flame temperature (TI to T5) at the window was used as the 

temperature of window radiator. The average of the flame tip temperature and the 

temperature of window radiator was used as the temperature of the radiator of 

external flame. The intensities of radiation coming from window radiator and 

external flame radiator can be calculated according to the modeling proposed in 



243 

Chapter 10. Then the emissivity of external flame radiator can be calculated by 

Equation (10.5) as shown in Table A-3. 

Table A-3 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

1215 

1047 

NA 

1.5 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

Heat flux 
(kW/m2) 

18.70 

20.23 

18.40 

19.42 

17.86 

16.52 

15.54 

6.09 

Emissivity of 
external flame 

0.540 

0.683 

0.438 

0.561 

0.471 

0.394 

0.864 

-0.527 

Average 
emissivity 

0.428 

3. Test 3 (2.55x1.45 & 4m, Propane) 

• The thermal images of the fire building and target wall are shown in Figure A-10. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 11:26:21 and 11:31:21 were chosen to do the experimental study of Test 

3. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-11. 



Figure A-10 Thermal image of fire building and target wall 
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Figure A-ll Temperature distribution and heat flux distribution of target wall 

The maximum flame temperature (TI to T5) at the window was used as the 

temperature of window radiator. The average of the flame tip temperature and the 

temperature of window radiator was used as the temperature of the radiator of 

external flame. The intensities of radiation coming from window radiator and 

external flame radiator can be calculated according to the modeling proposed in 



245 

Chapter 10. Then the emissivity of external flame radiator can be calculated by 

Equation (10.5) as shown in Table A-4. 

Table A-4 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

1205 

1073 

810 

1.5 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

Heat flux 
(kW/m2) 

15.97 

17.31 

16.31 

16.15 

15.69 

16.14 

13.55 

5.69 

Emissivity of 
external flame 

0.546 

0.707 

0.537 

0.534 

0.533 

0.703 

0.768 

-0.527 

Average 
emissivity 

0.475 

4. Test 4 (1.45x1.45 & 3m, Propane) 

• The thermal images of the fire building and target wall are shown in Figure A-12. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 13:40:30 and 13:46:00 were chosen to do the experimental study of Test 

4. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-13. 
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Figure A-12 Thermal image of fire building and target wall 

Figure A-13 Temperature distribution and heat flux distribution of target wall 

• The maximum flame temperature (TI to T5) at the window was used as the 

temperature of window radiator. Because the flame height was larger than 2 

meters. According to the modeling in Chapter 10, the radiator of external flame is 

divided into two parts - the bottom part and upper part. The average of the 

temperature of window radiator and flame temperature at 50 cm above the soffit 
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of window was used as the temperature of the bottom radiator of external flame. 

The average of the temperature of the bottom radiator and flame tip temperature 

was used as the temperature of the bottom radiator of external flame. The 

intensities of radiation coming from window radiator and external flame radiator 

can be calculated. Then the emissivity of external flame radiator can be calculated 

by Equation (10.5) as shown in Table A-5. 

Table A-5 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

957 

993 

991 

3.0 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

Heat flux 
(kW/m2) 

15.24 

16.66 

17.11 

17.22 

18.22 

15.18 

11.87 

4.67 

Emissivity of 
external flame 

0.492 

0.538 

0.489 

0.455 

0.495 

0.612 

0.855 

0.186 

Average 
emissivity 

0.515 

5. Test5 (1.45x1.45 & 3.5m, Propane) 

• The thermal images of the fire building and target wall are shown in Figure A-14. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 10:19:52 and 10:24:52 were chosen to do the experimental study of Test 

5. 
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Figure A-14 Thermal image of fire building and target wall 
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Figure A-15 Temperature distribution and heat flux distribution of target wall 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-15. 
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• The maximum flame temperature (TI to T5) at the window was used as the 

temperature of window radiator. Because the flame height was larger than 2 

meters. According to the modeling in Chapter 10, the radiator of external flame is 

divided into two parts - the bottom part and upper part. The average of the 

temperature of window radiator and flame temperature at 50 cm above the soffit 

of window was used as the temperature of the bottom radiator of external flame. 

The average of the temperature of the bottom radiator and flame tip temperature 

was used as the temperature of the bottom radiator of external flame. The 

intensities of radiation coming from window radiator and external flame radiator 

can be calculated. Then the emissivity of external flame radiator can be calculated 

by Equation (10.5) as shown in Table A-6. 

Table A-6 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

918 

985 

921 

3.0 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

10.46 

11.15 

11.64 

11.41 

12.04 

10.72 

9.57 

3.99 

12.25 

12.67 

Emissivity of 
external flame 

0.431 

0.472 

0.475 

0.430 

0.485 

0.567 

0.882 

0.140 

0.518 

0.583 

Average 
emissivity 

0.498 



6. Test 6 (1.45x1.45 & 2.4m, Propane) 

• The thermal images of the fire building and target wall are shown in Figure A-16. 

Figure A-16 Thermal imaee of fire building and target wall 
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Figure A-17 Temperature distribution and heat flux distribution of target wall 

By taking the average of the data selected, the value of temperature or heat flux at each 

point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-17. 
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• The maximum flame temperature (TI to T5) at the window was used as the 

temperature of window radiator. Because the flame height was larger than 2 

meters. According to the modeling in Chapter 10, the radiator of external flame is 

divided into two parts - the bottom part and upper part. The average of the 

temperature of window radiator and flame temperature at 50 cm above the soffit 

of window was used as the temperature of the bottom radiator of external flame. 

The average of the temperature of the bottom radiator and flame tip temperature 

was used as the temperature of the bottom radiator of external flame. The 

intensities of radiation coming from window radiator and external flame radiator 

can be calculated. Then the emissivity of external flame radiator can be calculated 

by Equation (10.5) as shown in Table A-7. 

Table A-7 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

979 

1022 

970 

3.0 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

22.02 

24.38 

25.67 

26.04 

25.89 

20.24 

14.49 

5.21 

26.83 

28.75 

Emissivity of 
external flame 

0.476 

0.543 

0.496 

0.453 

0.437 

0.489 

0.598 

0.418 

0.285 

0.015 

Average 
emissivity 

0.421 



7. Test 7 (1.1x1.45 & 3.5m, Propane) 

Figure A-18 Thermal image of fire building and target wall 
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Figure A-19 Temperature distribution and heat flux distribution of target wall 

The thermal images of the fire building and target wall are shown in Figure A-18. 
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Based on the graphs of heat flux on the target wall, the data after smoothing 

between 11:08:14 and 11:13:15 were chosen to do the experimental study of Test 

7. 

By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-19. 

Table A-8 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

879 

976 

968 

4.0 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

14.84 

16.44 

13.09 

18.04 

19.86 

10.04 

12.88 

4.77 

20.08 

26.46 

Emissivity of 
external flame 

1.186 

1.226 

0.731 

1.055 

1.097 

1.051 

1.423 

0.415 

0.605 

0.130 

Average 
emissivity 

0.892 

• The maximum flame temperature (TI to T5) at the window was used as the 

temperature of window radiator. Because the flame height was larger than 2 

meters. According to the modeling in Chapter 10, the radiator of external flame is 

• 
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divided into two parts - the bottom part and upper part. The average of the 

temperature of window radiator and flame temperature at 50 cm above the soffit 

of window was used as the temperature of the bottom radiator of external flame. 

The average of the temperature of the bottom radiator and flame tip temperature 

was used as the temperature of the bottom radiator of external flame. The 

intensities of radiation coming from window radiator and external flame radiator 

can be calculated. Then the emissivity of external flame radiator can be calculated 

by Equation (10.5) as shown in Table A-8. 

8. Test 8 (1.1x1.45 & 3m, Propane) 

• The thermal images of the fire building and target wall are shown in Figure A-20. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 11:37:01 and 11:42:01 were chosen to do the experimental study of Test 

8. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-21. 

• The emissivity of external flame radiator can be calculated by Equation (10.5) as 

shown in Table A-9. 
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Figure A-20 Thermal image of flre building and target wall 
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Figure A-21 Temperature distribution and heat flux distribution of target wall 
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Table A-9 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 

(50 cm above 
window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

873 

1084 

962 

4.0 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

18.65 

20.55 

22.35 

23.15 

25.52 

16.12 

24.50 

13.98 

25.62 

21.89 

Emissivity of 
external flame 

0.940 

0.981 

0.945 

0.873 

0.927 

0.888 

0.712 

0.482 

0.882 

0.447 

Average 
emissivity 

0.808 

9. Test 9 (1.1x1.45 & 4m, Propane) 

• The thermal images of the fire building and target wall are shown in Figure A-22. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 13:42:53 and 11:48:23 were chosen to do the experimental study of Test 

9. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 
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Figure A-22 Thermal image of fire building and target wall 
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Figure A-23 Temperature distribution and heat flux distribution of target wall 
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• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-23. 

• The emissivity of external flame radiator can be calculated by Equation (10.5) as 

shown in Table A-10. 

Table A-10 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

875 

1047 

964 

4.0 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

11.50 

12.75 

13.45 

15.87 

14.04 

12.94 

15.21 

8.41 

15.21 

15.93 

Emissivity of 
external flame 

0.934 

1.017 

0.983 

1.152 

0.902 

0.975 

1.024 

0.785 

0.991 

0.453 

Average 
emissivity 

0.922 

10. Test 10 (1.1x1.45 & 3m, wood crib 2"x4") 

• The thermal images of the fire building and target wall are shown in Figure A-24. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 11:56:00 and 12:01:30 were chosen to do the experimental study of Test 

10. 
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Figure A-24 Thermal image of fire building and target wall 

Figure A-25 Temperature distribution and heat flux distribution of target wall 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-25. 
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• The emissivity of external flame radiator can be calculated by Equation (10.5) as 

shown in Table A-11. 

Table A-l l Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

958 

942 

884 

3.0 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

11.82 

13.28 

13.60 

13.65 

12.39 

9.12 

10.67 

5.41 

12.30 

12.36 

Emissivity of 
external flame 

0.884 

0.965 

0.842 

0.754 

0.606 

0.604 

0.640 

0.443 

0.605 

0.226 

Average 
emissivity 

0.657 

11. Test 11 (1.45x1.45 & 3m, wood crib 2"x4") 

• The thermal images of the fire building and target wall are shown in Figure A-26. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 11:41:04 and 11:46:04 were chosen to do the experimental study of Test 

11. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 



Figure A-26 Thermal image of fire building and target wall 
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Figure A-27 Temperature distribution and heat flux distribution of target wall 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-27. 

• The emissivity of external flame radiator can be calculated by Equation (10.5) as 

shown in Table A-12. 
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Table A-12 Temperature, flame height, heat flux and emissivity 

Room 

Flame 
(at window) 

Flame 
(50 cm above 

window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

1083 

1010 

846 

2.5 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

17.49 

19.45 

18.04 

17.06 

15.34 

9.97 

10.65 

5.18 

13.81 

14.31 

Emissivity of 
external flame 

1.045 

1.151 

0.824 

0.669 

0.530 

0.458 

0.557 

0.328 

0.437 

0.072 

Average 
emissivity 

0.607 

12. Test 12 (2.55x1.45 & 3m, wood crib 2"x2") 

• The thermal images of the fire building and target wall are shown in Figure A-28. 

• Based on the graphs of heat flux on the target wall, the data after smoothing 

between 11:41:04 and 11:46:04 were chosen to do the experimental study of Test 

12. 

• By taking the average of the data selected, the value of temperature or heat flux at 

each point during post-flashover fire phase can be estimated. 

• The temperature distribution and heat flux distribution at the points on the target 

wall opposite vertical centerline of the window are shown in Figure A-29. 



• The emissivity of external flame radiator can be calculated by Equation (10.5) as 

shown in Table A-13. 

Figure A-28 Thermal image of flre building and target wall 
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Figure A-29 Temperature distribution and heat flux distribution of target wall 
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Table 13 A-Temperature, flame height, heat flux and emissivity 

Room 

Flame 

(at window) 

Flame 

(50 cm above 
window) 

Flame height 
above window 

Maximum 
Temperature (°C) 

1050 

1079 

956 

3.2 m 

Radiometer 

H1 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

Heat flux 
(kW/m2) 

28.79 

31.47 

30.59 

29.98 

22.56 

40.95 

26.73 

16.80 

26.39 

30.16 

Emissivity of 
external flame 

0.460 

0.545 

0.439 

0.400 

0.171 

0.335 

0.495 

1.309 

1.056 

1.084 

Average 
emissivity 

0.629 


