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ABSTRACT  

In computational fluid dynamics (CFD) based fire simulation, the particle-laden smoke is usually assumed 

to be in a gaseous state. This is due to the assumption that most of the smoke particles have diameters less 

than about 2.0 µm and so their settling velocities can be ignored compared with the intensive turbulent fire 

gas flow. This simplification can lead to severely under-predicted smoke levels in the lower layer at remote 

locations from the fire source. This problem is addressed in this paper through the development of a multi-

particle-size model which takes into consideration the uneven mass size distributions of smoke particles. 

The model divides the smoke particles into three groups with various diameter ranges. The transport of 

smoke particles in each group is represented by a governing equation, in which the gravitational force is 

addressed by adding a correction into the convection term. The efficiency of the model to reproduce smoke 

transport is demonstrated by simulating a large scale PVC cable fire experiment conducted in a long 

corridor. Compared with a conventional smoke transport model, the new model is shown to be better able 

of reproducing the measured experimental smoke data and the recorded visibilities.  
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NOMENCLATURE LISTING 

Ap area of a particle (m
2
) u velocity (m/s) 

Csmoke smoke concentration (kg/m
3
) v kinematics viscosity (m

2
/s) 

CD drag coefficient vs settling velocity (m/s) 

D Brownian diffusion coefficient 

(m
2
/s) or particule diameter (m) 

Vp volume of a particle (m
3
) 

g gravitational acceleration (m/s
2
) Y mass fraction 

Iλ light intensity (cd/m
2
) Greek 

K extinction coefficient (1/m) p particle eddy diffusivity (m
2
/s) 

Km specific smoke extinction 

coefficient (m
2
/kg) 

 density (kg/m
3
) 

L distance (m)  effective exchange coefficient (m
2
/s) 

RD particle Reynolds number  fluid variable 

S visibility (m)  subscripts 

S source term  a air 

t time (s) i particle group number 

U


 velocity vector p particle 

 

INTRODUCTION  

Fire statistics suggest that the most common identified cause of death during fire incidents is being 

overcome by fire effluent, in particular toxic gases contained in fire smoke [1]. The hazards presented by 

fire smoke are threefold. Firstly, by reducing visibility smoke can delay escape of the occupants and cause 

them to be exposed to the products of combustion for an unacceptably long period of time. Secondly, the 

large number of particles within the fire smoke may absorb toxic species which when inhaled may be a 

threat to exposed occupants. Full-scale fire tests have demonstrated that the mass fraction of HCl in soot 

particles in a fire involving PVC carpet is as high as 10 % [2]. Finally, inhalation of the particle-laden 

smoke makes breathing difficult and may damage the lungs of those exposed [3]. Therefore, for life safety 

assessment it is important to accurately predict smoke levels within compartment fires.  
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Computational fluid dynamics (CFD) based fire models are now popular methods for predicting smoke 

transport. In most of the models, smoke is often either ignored, such as the methods using oxygen depletion 

or temperature [4] to predict smoke levels, or simply treated as being in a gaseous state [5,6], assuming 

smoke movement in the same manner of other gaseous combustion products. However, this simplification 

is sometimes possibly invalid as smoke is a particle phenomenon [7]. Unlike common fire gases, 

gravitational settling and deposition are among the most important characteristics that distinguish particles 

from gases and both effects become increasingly important as particle size increases [8]. For smoke 

particles with diameters greater than about 4.5 µm, gravitational forces cannot be ignored [9]. Within fire 

smoke, the number of particles with diameters between 4.5 µm and 10 µm is considerably less than that of 

small particles with size less than 4.5 µm [7,10]. However, they account for a non-negligible proportion of 

the total smoke mass over the spectrum of particle sizes for a wide range of building materials [3,11]. 

Therefore, the settling velocity for large particles should be considered in smoke transport simulations, in 

particular within large enclosures.  

By considering the effect of settling velocity on smoke movement, Chow et al. [12] developed a model 

using the Lagrangian approach to study smoke movement. However, the computational cost of the 

Lagrangian method limits its application in smoke simulations within large-scale fire enclosures as 

statistically stable particle concentrations require a large number of particle tracks [13]. Compared with the 

expensive computational requirement of the Lagrangian method, the computational cost of the Eulerian 

method for simulating particle movement is significantly lower. In [13], within the framework of the 

Eulerian method, the settling velocity effect of particles is added into the convection term of the particle 

conservation equation. The settling velocities of particles are calculated using the drift flux model. This 

model has been widely used to simulate the transport of particles within buildings [8,13].  

In the remainder of this paper we introduce a multi-particle-size model which is an Eulerian method in 

nature. The model takes into consideration the gravitational settling of smoke particles by adopting the drift 

flux method. A large-scale enclosure PVC cable fire is simulated with the new smoke model. The light 

extinction coefficient, visibility and smoke filling time within the enclosure calculated from the predicted 

smoke concentrations are compared with measured values and observations from the fire test. 

MULTI-PARTICLE-SIZE MODEL 

Conventional smoke models treat smoke as a gas. This simplification to the particulate nature of smoke is 

reasonable in regions near to the fire, where the gravitational settling of particles can be ignored compared 

with the strong momentum of the flow. However, flow momentum decays and the gravitational settling 

becomes important at remote regions from the fire source. Thus the treatment of smoke as a gas can result 

in poor predictions of smoke levels at remote locations in fire scenarios in which a non-negligible amount 

of large particles are generated. A methodology within a CFD framework to address the effect of particle 

sizes on smoke movement is proposed in this section.  

The basic CFD framework used in the present study is the SMARTFIRE software [6,14,15]. In field 

modeling, the fluid is governed by a set of three-dimensional partial differential equations. This set consists 

of the continuity equations, the momentum equations in three space dimensions, the energy equation, the 

user equations for mass and mixture fraction, the equations for turbulence model, in this case the k  

model which incorporates buoyancy modification. The generalized governing equation for all variables is 

expressed in the following form:  

 



SdivUdiv

t
)()(





 (1) 

where   represents the fluid variable;   and U


 are the local density and velocity vector;   is the 

effective exchange coefficient of  ; S  represents the source term for the corresponding variable   and 

time t  is an independent variable. In SMARTFIRE, the smoke was set as a scalar. The conventional smoke 

model in which smoke is assumed to be in the gaseous state is called ‘conventional model’ henceforth. 

Before introducing the multi-particle-size model, the drift flux model is briefly described.  
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Drift Flux Model 

Due to gravitational settling, air and particles move at different velocities. The drift flux model [13] 

integrates the gravitational settling, convection and diffusion effects of particles into the governing 

equation of particles. In the drift flux model, the governing equation for particle transport in turbulent flow 

field is expressed as: 

Yps SYDdivYvUdiv
t

Y





))(())(( 

 
 (2) 

where Y is the particle mass fraction, sv  is the particle settling velocity, p  is the particle eddy diffusivity 

and D is the Brownian diffusion coefficient. The particle eddy diffusivity p  is assumed to equal the fluid 

turbulent viscosity, tv , in enclosure fire environments [16]. The settling velocity of a particle could be 

derived by equaling the fluid drag force on the particle with the gravitational force and given by: 
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where p  and a  are the density of particle and air respectively, g is the gravitational acceleration, VP and 

AP are the volume and area of a particle respectively. CD is the drag coefficient and can be calculated 

according to the Stokes’s law [17] as:  

uD

v

R
C

D
D

2424
  (4) 

Where DR , u , D, and v  are particle Reynolds number, velocity, particle diameter, and kinematic viscosity 

respectively. Equation 4 is used inside the Stokes Range ( )1DR . 

There are several assumptions for the drift flux model [13]: 

A. The effect of particles on turbulence is not considered, as it is believed that the low particle 

loadings and comparatively small particle settling velocities have a negligible effect compared to 

the high inflow turbulence levels. 

B. The particle size distribution is not altered by coagulation. 

C. The body force due to particle/fluid density difference is neglected.  

The Multi-Particle-Size Model 

Based on the drift flux model, a multi-particle-size model is developed for smoke particle transportation. 

Figure 1 shows particle mass distributions in terms of particle size for a wide range of building materials, 

which were experimentally derived in [3]. Similar smoke particle mass size distributions for other materials 

can be found in [7,10–11]. The smoke particle sizes vary between 0.01 µm and 10 µm. Such a large 

variation in the particle size makes it difficult to simulate the movement of smoke as the particle size has a 

significant influence on the manner of particle movement.  

Figure 2 shows the settling velocity against particle size derived from Eq. 3. The gravitational settling 

velocity gradually increases with increasing particle size. For particles with sizes less than 2.0 µm, the 

settling velocity is no more than 10
-5

 m/s, which can be ignored compared with the velocity of the air flow 

within fire enclosures.  
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Fig. 1. Smoke particle mass size distribution [3]. 

However, the settling velocity cannot be completely ignored for large particles. Firstly, as seen in Fig. 2, 

the settling velocities are approximately 10
-4

 m/s and 10
-3

 m/s for particles with sizes of 4.5 µm and 10 µm 

respectively. This velocity magnitude is comparable with the velocity in the gravitational direction of air 

flow in the remote locations in fire enclosures. At this level of the settling velocity, its accumulative effect 

over a long period of time can be significant within a large fire enclosure as the residence time of smoke 

particles within the enclosure can be very long. Secondly, although the number of particles in the fire 

smoke decreases rapidly with the increase of particle size, the mass distribution of smoke against particle 

size is more flat (see Fig. 1). For a large variety of materials, the mass fraction of large particles is very 

high. For example, the mass fractions of particles with sizes between 2 µm and 7 µm is approximately 0.31 

and the value for particles between 7 µm and 10 µm is approximately 0.25 for smoke from melamine. For 

PVC cable, although the mean particle size is only 0.14 µm, the mass fraction of particles with diameter 

sizes above 7 µm is 0.06. Therefore, the settling velocities of large smoke particles must be considered as 

they may account for a significant fraction of the total mass of smoke particles. 
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Fig. 2. Particle size vs. gravitational settling velocity. 

To take into account the effect of particle size on gravitational settling velocity, smoke particles are divided 

into several groups according to their diameter sizes. The transport of the smoke particles in each group is 

defined by a governing equation in the form of Eq. 2. The volume and area of particles in Eq. 3 is 

determined by the average of the particle size of this group. Let Yi denote the mass fraction of smoke group 

i within a control volume. The smoke mass fraction in this control volume, Y, is then given by:  

 iYY . (5) 

With this approach, the number of smoke groups and the criterion of group division need to be defined. The 

number of smoke groups should be determined by considering both the particle mass size distribution of 

the material in question and the variation of settling velocity vs. particle size (Fig. 2). As seen in Fig. 1, the 

distributions of particle sizes for most of the materials follow similar trends. Therefore, in this study, the 
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smoke particles are simply divided into three groups with sizes of 0–2.0 µm, 2.0–7.0 µm and above 7.0 µm 

respectively. For the three groups, the mean diameters are 1.0 µm, 4.5 µm and 10 µm respectively.  

LIGHT EXTINCTION AND VISIBILITY  

As the light extinction and visibility are common smoke properties, which are usually measured or 

recorded in fire experiments, their calculations using smoke concentrations are summarized here. The light 

extinction is the ratio of the light intensity, Iλ, passing through a distance of L to the initial light intensity, 
0
I , which is a function of the smoke extinction coefficient K [7]: 

KLeII 0/                                                                                                                             (6) 

The smoke extinction coefficient K is given by the specific extinction coefficient per unit mass Km 

(7600  m
2
/kg) with:  

smokemCKK                                                                                                                            (7) 

where Csmoke is the concentration of smoke in kg/m
3
. 

With the smoke extinction coefficient, the visibility of signs is calculated with the empirical formula [7,18]  

KCS /                                                                                                                                 (8) 

where S is the visibility distance and constant C takes the values of 8 and 3 for light emitting signs and light 

reflecting signs respectively. There are many factors that affect the predicted visibility such as smoke 

concentrations and the background lighting [5]. The constant 8 for C is derived from the condition of 

illumination under 3 cd/m
2
, which is the illumination of the exit sign. 

When smoke concentration is not available, light extinction and visibility can be estimated from 

temperature levels as the approach used in [4]. 

SIMULATIONS AND RESULTS  

In this section, smoke movement from a large scale PVC cable fire test is simulated with the newly 

proposed multi-particle-size model. The predicted smoke levels within the large enclosure of the fire test 

are compared with measured and observed values. 

Fire Experiment  

A large-scale PVC cable fire experiment in a U-shaped corridor was conducted by the Department of Fire 

Technology at SP Swedish National Testing and Research Institute with assistance from the University of 

Greenwich in 2006 [19–22]. The corridor had a total length of 44.6 m (centerline) (Fig. 3). The inner 

height of the corridor was 2.4 m and the inner width was 2.0 m. At the inner corner, between the first and 

second corridor, a room of size 3.0 m × 4.0 m was connected to the corridor through a 2 m × 0.4 m 

opening at ceiling level. In the third corridor (exit corridor, from soffit #3 to the exit), an exit was 

positioned below a calorimeter system making it possible to measure the heat release rate and collect 

smoke. The wall of the corridor and the ceiling of the room were covered with 10 mm Promatect-H, non-

combustible boards and the ceiling of corridor was covered with a 6 mm Masterboard, non-combustible 

board. The properties of those materials are described in detail in the SP report. The fire source consisted 

of an L-shaped cable tray arrangement with one vertical (1.95 m) and one horizontal (1.8 m) section. It was 

located about 3.9 m from the start of the first corridor, 0.25 m above the floor and 0.06 m from the corridor 

wall. The cable tray was ignited by a propane sand burner with size 0.1 m × 0.4 m × 0.1 m. The burner had 

a heat output of approximately 30 kW and lasted for 30 min.  
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In order to record the fire development and the generation and transport of fire gases, extensive 

measurements were made along the corridor during the test. Temperatures were measured at various 

heights at locations with no. 2, 5, 7, etc (See Fig. 3). The smoke obscuration across the corridor was 

measured at a total of six positions at 2.2 m above the floor for positions no. 6, 9 and 10 (inside the corner 

room), and at 2.0 m above the floor at positions no. 12, 13 and 15. In these positions, the lasers were 

mounted on one side of the corridor wall, giving a beam length of 2.0 m, and detectors were mounted on 

the opposite wall. Four video cameras (V1–V4 in Fig. 3) were placed outside the corridor and faced into 

the corridor through glass to record the smoke movement; which were positioned about 0.5 m above the 

floor except for Camera V3 which was placed 1.3 m above the floor. In order to clearly see the smoke 

filling, reflective markings were mounted on poles along the corridor wall at position 6, 9, 12, 13 and 15 

and two lights were located on the floor in the exit corridor. 

 

 

Fig. 3. General layout of the test corridor [19]. 

Simulations  

A non-uniform Cartesian mesh consisting of 132,411 cells was used in the discretization of the geometry. 

For mesh sensitive analysis, a finer mesh consisting of 573,000 cells was also created. The variation of the 

predicted peak temperatures at position 5 from simulations with the two meshes is less than 1.7 %. The 

results showed here are therefore of the coarser mesh. 

The cable used in the fire test was made of PVC material which contains pure PVC, plasticizer and chalk. 

The basic molecular structure of the fuel is assumed to be C2H3Cl (pure PVC) as in the simulation in [20]. 

In this simulation, the eddy dissipation combustion model [23] is used to generate the heat due to 

combustion. The average heat of combustion during the fire test and used in the simulation is 9.66 MJ/Kg, 

which is derived from the measured fuel loss rate and heat release rate. The mass loss rate curve derived 

from the measured load cell data is given in Fig. 4. A multi-ray radiation model is used to represent the 

exchange of heat due to radiation. 

The mechanisms of smoke production are very complex and outside the scope of the present study. 

Therefore, the generation of smoke is not modeled and a constant smoke emission factor of 0.12 is instead 

applied in this study to calculate the total smoke generation rate, i.e., the smoke generation rate is the 

product the fuel loss rate and the smoke emission factor [7]. The smoke is simply treated as a volumetric 

particle source, in which the three prescribed groups of smoke particles of the three different sizes as 

described previously are generated. The mass fractions of particles in the three particle-size groups defined 

in the multi-particle-size model for PVC cable are 0.69, 0.24 and 0.06 respectively, which are derived from 

the mass size distribution of this cable in Fig. 1. The smoke sources for the three particle equations are the 
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product of the total smoke generation rate and the mass fraction of smoke of each group. The deposition 

processes of particles on solid surfaces are complex, which is affected by thermophoresis, diffusion and 

gravitational force, etc. [16,24]. In this study, deposition velocities with various particle sizes from [16] are 

adopted.  
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Fig. 4. The mass loss rate.  

To complete the set up of the corridor fire scenario it is necessary to specify a proper set of boundary 

conditions. Within the present simulation, a wall emissivity of 0.8 is used for all solid surfaces. The 

thickness of the wall is those described previously. The density, conductivity, specific heat are 870 kg/m
3
, 

0.18 W/m·K, 1130 J/kg·K for Promatect-H, and are 1100 kg/m
3
, 0.22 W/m·K, and 1130 J/kg·K for 

Masterboard respectively. At open boundaries, the solution domain is extended by some 2.1 m. The 

ambient temperature is set to be 20 ºC. As the k  turbulence model is applicable only in regions with 

high Reynolds numbers, close to the walls, where viscous effects become dominant, wall functions are 

applied. Details of the wall functions implemented in SMARTFIRE can be found in [14].  

The duration of the fire was approximately 1800 s and simulations are carried out with a time step size of 

2 s.  

Simulation Results  

The fire test was conducted within a large enclosure (the total length of the corridors is 44.6 m), and it is 

very suitable to observe the smoke movement in weak turbulence environments, especially in the exit 

corridor. In the following discussion, the predictions of the multi-particle-size model and the conventional 

model are compared with the experimental data and observations at locations of interest. These are light 

extinction profiles at positions near the fire (position 6) and far away from the fire (position 15). Since the 

predicted smoke filling times in the first length of corridor produced by the two models are very close, 

visibility comparisons are only presented for the exit corridor, which is remote from the fire source.  

Smoke Predictions 

Firstly, the measured light extinction properties are compared with those derived from the smoke 

predictions. Using Eq. 6, the light extinctions can be calculated by using the predicted smoke 

concentrations from the conventional model and the multi-particle-size model. Figure 5 shows the 

measured and predicted light extinctions at 2.2 m above the floor at position 6 (near the fire) and 2.0 m 

above the floor at position 15 (far away from the fire). The measured light extinctions decrease from 100 % 

to nearly 0 % very rapidly from 3.3 min to 4.2 min at position 6 and from 5.6 min to 7.8 min at position 15. 

As seen in Fig. 5, the predictions of the two smoke models are in very good agreement with the measured 

data. 

Secondly, the calculated visibility at the lower layer in the exit corridor is compared with the experimental 

observations. The visibility distance referred in the latter discussion starts from Camera V4 which is 

pointed towards the exit. In the experiment, Camera V4 was placed at the start of the exit corridor, opposite 
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to the exit (See Fig. 3 for position) and the distance between Camera V4 and the light source near the exit 

was 17 m. Camera V4 recorded that the light source became very dim at about 9 min and was completely 

obscured at about 10.6 min. For the remaining 20 min, the light source remained completely obscured. 

Therefore, in the experiment, the visibility distance remained less than 17 m after 10.6 min. In the 

simulations, the visibility is calculated based on the average concentration of smoke between Camera V4 

and the light source at 0.3 m above the floor. In Eq. 8, the constant C takes the value 8 as the light used in 

the experiment is much brighter than that of common exit signs. Figure 6 shows the predicted visibility 

distances from 7 min onwards. The conventional model predicted a visibility distance of less than 17 m 

only after 20 min, which is approximately 9.4 min later than the observed obscuration time, an over-

prediction of 89 %. Furthermore, the conventional model predicts that the period of obscuration of the light 

source lasts for only 1.5 min and then the predicted visibility distance becomes greater than 17 m, 

indicating that the light source is again visible. However, the visibility distance derived from the multi-

particle-size model decreases to 17 m at approximately 8 min, an under-prediction of 25 %. Considering 

that the light source used in the test was much brighter than those used for common exit signs, the constant 

value of 8 in Eq. 8 used in the calculation may be too low for the source used in the experiment. The 

calculated visibility distance therefore decreases more quickly than it should be. With this in mind, the 

predicted time of 8 min is in reasonably good agreement with the measured time of 10.6 min. 
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   (a)                                                                             (b) 

Fig. 5. The measured and predicted light extinction: (a) position 6; (b) position 15. 
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Fig. 6. Predicted visibility distance from Camera V4 to the light source near the exit. 

It is noted that the predicted visibility distance at 0.3 m above the floor for the conventional model does not 

decrease monotonically with time, particularly between 8 to 15 min into the fire. Locations at 0.3 m above 

the floor in the exit corridor are in the lower layer, i.e., below the neutral plane. At this height, the stream of 

incoming fresh air dilutes species concentrations. As seen in Fig. 4, the fire develops gradually for the first 

8 min followed by a rapid growth and remains at quite high heat release rates up to 15 min into the fire. 

Thus the incoming flow of air from 8 to 15 min into the fire is stronger (0.25 m/s on average) than the 

incoming flow in the first 8 min (0.20 m/s on average) of the fire. As the conventional model treats smoke 

452



as a gas, the source of smoke in the lower layer is generated solely through the mixing of the upper layer, 

rich with combustion products, with the lower layer. The stronger incoming flow leads to lower smoke 

concentrations after 8 min and hence higher visibility distances. In the multi-particle-size model however, 

the gravitational effect of smoke particles produces an additional source of smoke for the lower layer due to 

the downward movement of smoke particles. As a result, the diluting effect of the incoming air flow on 

smoke concentration is less pronounced. Therefore, in the multi-particle-size model, the predicted smoke 

mass fractions at 0.3 m above the floor are higher than those for the conventional model and so the 

predicted visibility distances during the period when the fire is strong (8 to 15 min) only suffers some slight 

fluctuations with a much smaller increase than that in the conventional model predictions.  

Thirdly, the predicted smoke filling times in the exit corridor are compared with the experimental 

observations. In the experiment, reflective markings were mounted on a pole at position 15 with a vertical 

spacing of 0.5 m and starting from 0.5 m above the floor (Fig. 7a). Here we select the obscuration times for 

the markings for comparison between the model predictions and observed smoke movement.  Figure 7b 

shows that after 9.5 min, all the markings on the pole at position 15 are no loner visible.  

 

    

(a)                                                         (b) 

Fig. 7. Observed smoke movement in the exit corridor: (a) 6 min; (b) 9.5 min. 

Table 1 gives the observed and predicted obscuration time of each marking at position 15.  The observed 

times are approximately estimated from the video recording. From Table 1, it is clear that the predictions of 

the obscuration times for both models are in good agreement with the observed times in the upper layer 

(1.0 m above the floor). However, the conventional model predicts the marking in the lower layer (0.5 m 

above the floor) remained visible 7.6 min longer than the observation in the test, an over-prediction of 81 % 

while the prediction from the multi-particle-size model is only 1.6 min longer, or an over-prediction of only 

17 %. 

Table 1. Obscuration times (min) of the markings at position 15. 

Position of markings Observation Conventional 

model 

Multi-particle-size 

model 

0.5 m above the floor 9.4 17 11 

1.0 m above the floor 8.3 7.6 7.8 

1.5 m above the floor 7.5 7.2 7.2 

2.0 m above the floor 6.8 5.8 5.9 

 

The visibility distances as functions of time at 1.5 m and 0.5 m above the floor respectively are shown in 

Fig. 8. The visibility distances in the upper layer derived from both models are very close to each other (see 

Fig. 8a), however, those in the lower layer show significant differences (see Fig. 8b). The distance between 

Camera V4 and the markings is nearly 10 m. In Fig. 8b, the predicted visibility distances derived from the 

conventional model show that the marking at 0.5 m above the floor remains visible until 17 min and its 

obscuration only lasts for 5 min. However, in the experiment the markings were obscured at about 9.4 min 

and did not become visible until the end of the test. The predictions with the multi-particle-size model 

successfully reproduce this observed phenomenon. 
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Figure 9 presents the predicted iso-surfaces of smoke concentrations predicted by the two smoke models 

with a value of 0.000088 kg/m
3 
at 12 min in the exit corridor. With smoke concentrations at this value, the 

visibility distance calculated from Eq. 8 with constant C value of 8 is 10 m. As seen in Fig. 9a, the marking 

at 0.5 m above the floor is obscured by this iso-surface while the marking in Fig. 9b is much lower than the 

iso-surface. At 0.5 m above the floor, the average smoke concentration from Camera V4 to the marking 

derived from the multi-particle-size model is higher than 0.000088 kg/m
3
 indicating a visibility distance 

less than 10 m. On the other
 
hand, the marking is below the iso-surface predicted by the conventional 

model, indicating the marking is visible from Camera V4 at this time.  
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(a)                                                                           (b) 

Fig. 8. Predicted visibility distances for markings: (a) 1.5 m; (b) 0.5 m above the floor at position 15. 

 

              

        (a)                                                                                    (b) 

Fig. 9. Predicted iso-surface of smoke concentration in the exit corridor at 12 min: (a) multi-particle-size 

model; (b) conventional model.  

Deficiency of Using Temperature to Estimate Smoke Levels 

Finally, the deficiency of using temperature to estimate smoke levels is highlighted. At position 15, the 

measured temperatures at 2.2 m above the floor are as high as 40 
º
C, while they are close to the ambient 

value of 21.0 
º
C at 1.0 m above the floor during the entire 30 min of the test time (see Fig. 10). Based on 

the method of using temperature to estimate smoke levels in [4], the visibilities at the two different heights 

at 12 min are approximately 4.8 m and over 88.8 m respectively.  

It is clear that the smoke layer predicted from this approach is at least 1.0 m above the floor, the height of 

the lower thermocouple at position 15. Furthermore, the predicted visibility distance, based on the 

measured peak temperature at 1.0 m above the floor during the entire 30 minute test period, is more than 

10 m, which suggests that the marking at this height is always visible during the entire simulation. However, 

as observed in the experiment and predicted by the multi-particle-size model, the smoke layer moves below 

the marking at position 15 in the lower layer, 0.5 m above the floor, within 12 min. This difference between 

the temperature estimation method and the experimental observation highlights the deficiency of that 
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approach. Before smoke moves to remote locations, a lot of heat has already been lost via radiation or 

through the confining walls. Therefore, temperature is not a good indicator to the smoke movement at 

remote locations. 
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Fig. 10. Measured temperatures at position 15. 

Discussion 

There are several issues relating to the implementation of the multi-particle-size model that need to be 

considered. Firstly, in this model, the particles are divided into three groups for smoke concentration 

calculation, with particle sizes in the range of less than 2.0 µm, between 2.0 µm and 7.0 µm and greater 

than 7.0 µm respectively. This group division method is based on the observed particle mass distributions 

for materials in Fig. 1. In order to examine the reliability of this methodology, a finer division including 

10 groups with particle sizes between 0.1 µm and 10 µm are investigated for this PVC cable fire. The 

predicted smoke mass fractions along the vertical line at position 15 at 12 min from the multi-particle-size 

model with 3 and 10 smoke groups are compared in Fig. 11. The predictions with the two different smoke 

group divisions are very close, especially in the lower layer. It shows that the use of three groups for 

categorizing smoke particles are adequate to reflect the effect of smoke particle size on the transportation of 

smoke for PVC cable fires. The increase of the group number in the multi-particle-size model might 

improve the predictions precisions to a certain degree but it also involves expensive computational 

requirement. Three groups might be an adequate compromise between the cost and accuracy of the model. 

Most of the materials listed in Fig. 1 have similar mass size distributions, so the current smoke group 

division criterion is expected to perform well in the simulation of smoke movement for these materials. 
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Fig. 11. Predicted smoke mass fractions along vertical line at position 15 at 12 min with different particle 

group divisions.  
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Secondly, compared to the conventional model, two additional conservation equations must be solved in 

the multi-particle-size model when three particle groups are represented. This increase in the number of 

governing equations incurs additional computational costs. Furthermore, some additional computational 

effort is required for the convection correction for each of the three conservation equations associated with 

each particle group. The 1800 s simulation of the PVC cable fire scenario, involving 132,411 

computational cells was carried out using a computer with a 3.0 GHz processor and a memory of 4.0 GB. 

Using the conventional model, the simulations required approximately 60 h. The simulation using the 

multi-particle-size model took approximately 8 % longer – a modest increase in computational time for the 

improved accuracy.  

Thirdly, the coagulation process [10], which would effectively reduce the number of smallest particles and 

increase the sizes of smoke particles during the course of transportation, is not considered in this study. 

Increases in the sizes of smoke particles might make the gravitational force a more important mechanism in 

smoke transport and enhance the downwards movement of smoke. In the above simulation results, the 

obscuration times of the markings in the upper layer are predicted slightly earlier than what was observed 

in the test while they are delayed by nearly 2 min in the lower layer (Table 1). The lack of representing 

coagulation in the smoke model might play a part in the differences between the predictions and the 

observations of the obscuration timings of the markings in the upper and lower layers. The effect of 

coagulation on smoke movement will be investigated in the further refinement of the multi-particle-size 

model.  

CONCLUSION 

As the majority of particles within smoke are smaller than 2 µm, the effects of gravitational forces on these 

smoke particles are negligible and hence often neglected in smoke transport models. However, the smoke 

particle mass distributions cover diameter sizes between 0.01 µm and 10 µm and the mass fractions of 

particles above 7 µm can be as high as 0.06 for many building materials. Due to the effect of gravitational 

forces on these larger smoke particles, smoke transportation behaves differently to the transportation of fire 

gases. In this paper, a multi-particle-size model has been developed to take into account the settling 

velocity of large smoke particles. In the newly developed model, smoke particles are divided into three 

groups in terms of their sizes and their transport is represented by three conservation equations, in which 

the effect of gravitational force on smoke movement due to particle sizes is considered.  

The newly developed multi-particle-size model was examined by simulating a large-scale PVC cable fire 

experiment. In the upper layer, the predicted light extinction by both the newly developed model and the 

conventional model, are in good agreement with the measured experimental data. The predicted 

obscuration times of reflecting makings at 2.0 m, 1.5 m and 1.0 m above the floor by the two models are 

also similar and both are in good agreement with the observed times. However, the conventional model 

over-predicted the experimental obscuration time for the markings 0.5 m above the floor (which was 

9.4 min) by 81 % (17 min) while the newly developed model over-predicted the obscuration time by only 

17 % (11 min). The measured obscuration time for the light source in the corner near the exit was observed 

to be 10.6 min in the experiment. Here again the newly developed model more accurately predicted the 

observed obscuration time. The conventional model over-predicted this time by 89 % (20 min) while the 

newly developed model under-predicted this time by 25 % (8 min). These results show that the multi-

particle-size model greatly improves the prediction precision for the smoke movement in the lower layer 

compared with the conventional model.  

Compared with the conventional model, the newly developed multi-particle-size model requires an 

additional 8 % of computational cost for the PVC cable fire simulation. 

The present study also reveals the deficiency of estimating smoke levels from temperatures. The predicted 

smoke layer using the temperatures in the exit corridor is at least 1.0 m above the floor during the entire 

simulation time while the observed smoke layer descends below 0.5 m above the floor within 12 min. 

Therefore, it is potentially problematic to represent the smoke layer by the hot layer at remote regions from 

the fire source.  

While the multi-particle-size model appears promising, further validation is required involving more 

experimental data, especially the light extinction data at lower layers. The group division method also 
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needs to be further assessed for different materials. Furthermore, in this study, the size of each particle is 

assumed to be constant. The change of particle size due to coagulation will be addressed in future work.  
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