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ABSTRACT

A soot transport model called Multi-Particle-Size model (MPS model) was developed to improve the
prediction of soot movement by considering the uneven mass size distribution of soot particles and the
influence of particle size on the gravitational settling. The model requires a sophisticated grouping strategy
to divide the soot particles into several groups and determine the representative size for each group. In this
paper, several soot particle grouping strategies and the method to calculate the representative sizes are
developed with the aim of balancing the computational efficiency and the prediction accuracy of the model.
The performance of the MPS model when different grouping strategies are applied is investigated through
the comparison of the predicted movement of soot particles generated from several materials. Based on this
analysis a grouping strategy that results in the identification of three groups is shown to be sufficient to
represent the influence of particle size on the gravitational settling for a variety of combustible materials
and the computational cost of the extra governing equations for the transport of soot particles in the groups
is acceptable. Furthermore, the efficiency of the model is demonstrated by simulating soot movement in a
large-scale industrial building with a high ceiling.

KEYWORDS: smoke, CFD model, soot transport model; settling velocity; grouping strategy; large-scale
enclosure fire.

NOMENCLATURE LISTING

Cr criterion related to grouping strategy Vs settling velocity of particle (m/s)
Ds Brownian diffusion coefficient (m?/s) ve  fluid kinematic turbulent viscosity (m?/s)
Dmo  particular mass optical density per meter  Ys  soot particle mass fraction
(ob m¥/kg)
d particle size (um) Greek
fy soot volume fraction e particle eddy diffusivity (m?/s)
g magnitude of gravitation acceleration p  density (kg/m®)
L distance (m) M viscosity of the fluid (kg/m-s)
m global mass fractions subscripts
To ambient temperature (K) p soot particle
t time (s) f fluid
U fluid velocity vector i the i™ soot group

INTRODUCTION

The detrimental effects of smoke generated from fires to human safety and economic costs have been
highlighted in fire safety science. Smoke generated from fires may delay the escape of exposed occupants
by reducing the visibility in evacuation routes. Moreover, smoke laden with toxic gases also represents a
threat to the occupants. UK fire statistics [1] suggest that the inhalation of smoke alongside with other toxic
gases was the main cause of death in fire incidents. In addition, fires in buildings can cause considerable
property damage and result in business interruption. Building fire safety heavily relies on the smoke
detection system. If a fire occurs, it is desirable that the fire detection and warning system within large
buildings provides a sufficiently early warning allowing building occupants to safely evacuate and
sufficient time for the fire fighting service to arrive and extinguish the fire before the fire damage is severe.
Therefore, it is important for computer simulations to predict smoke layers in fires accurately and
efficiently, thus to provide useful information on the design of the fire detection system, ventilation system
and building evacuation routes.



Most soot transport models simply treat soot (the main source of smoke) as being in a gaseous state and the
resulting transport equation is the same form as that of other gaseous combustion products [2-6]. The
simplification is based on the fact that the majority of soot particles are sized less than 1 pum and the
movement of those soot particles is similar to that of the gas phase [7]. However, the mass fraction of soot
particles larger than 5 um accounts for a non-negligible proportion of the total soot mass for a wide range
of combustible building materials [8-11]. Murakami et al. [7] investigated the effect of gravitational
settling on particle movement and drew a conclusion that particles larger than 4.5 um behaved in a different
way from the gas phase. Treating soot as gaseous state usually leads an under-prediction of the soot levels,
especially in the lower layer of an enclosure fire. Therefore, the forces exerted on large particles should be
considered in soot transport simulations, in particular within large enclosures. There are many particle
transport models which consider the forces exerted on particles [12-17]. One shortcoming of this kind of
models is that only one constant size is used to estimate the soot particle velocity while the size of particles
may vary in a large range.

To improve the prediction of soot movement in large-scale enclosures, a model called Multi-Particle-Size
model (MPS model) was developed by Hu et al. [18]. The model was adopted in the study [19] within the
framework of the widely used CFD fire simulation tool FDS to investigate soot deposition on solid surface.
The MPS model is an improvement of an Eulerian approach called the drift flux model, by considering the
uneven mass size distributions of soot particles and the effect of particle size on gravitational settling. The
model divides the soot particles into several groups according to the soot particle mass fraction distribution.
Each group contains particles within a size range and a representative size is used to calculate the
gravitational settling velocity for each group. The grouping strategy used in the earlier work of Hu et al.
[18] simply divided soot particles into three groups with the size ranges of the groups are fixed for all
combustible materials. As the mass size distribution of soot particles varies with combustible materials, it is
necessary to develop a more accurate grouping strategy to group soot particles of a combustible material in
terms of the characteristics of its soot particle size distribution.

This paper first introduces the soot Multi-Particle-Size transport model (MPS model). Then three strategies
to group soot particles for the MPS model and the method to calculate the representative sizes are
proposed. The performance of the MPS model when different grouping strategies are applied is
investigated by simulating soot movement in a two-dimensional chamber. After comparing the predicted
movements of soot particles generated from several combustible materials, one of the strategies is
recommended as it has the best compromise between the prediction accuracy and the computational cost
required. Finally, the MPS model with the recommended grouping strategy is used to simulate the soot
movement in a large-scale industrial building with a high ceiling. The simulation results are compared with
the experimental measurements and the results predicted by the conventional soot model in which soot is
treated as a gas species.

MULTI-PARTICLE-SIZE SOOT TRANSPORT MODEL (MPS MODEL)

Soot particles are always undergoing Brownian motion, colliding and sticking together in a process known
as coagulation. As the soot concentrations in a fire are being continuously diluted by fresh air while soot
particles travel from the region near a fire source to a remote location, the coagulation process does not
cause a significant change in the characteristics of the soot particle size distribution in a short period of
time [11,20]. Therefore, the size of a soot particle is assumed to be constant in this study. Generally, the
size of soot particles produced in fire ranges from 102 pm to 10 pm while most soot particles have size
smaller than 1 um [10]. The number of soot particles sized greater than 5 um is usually far less than 0.01%
of the total number of the soot particles generated from the burning of the material concerned. However,
the soot mass fraction distribution is different from the soot number size distribution [8, 9, 11, 21].

Figure 1 shows the soot mass fraction distribution against particle size of four building materials derived
from [9]. The mass fraction is defined as the ratio of the mass of soot particles of a size class to the total
mass of soot particles of all size classes. The soot mass size distributions of the four materials are
representative of those of different materials. The mass fraction of particles larger than 5 pm is
approximately 4% for soot produced from carbon fibre while it is almost 30% for soot produced from glass
wool and optical cable. For soot produced from polystyrene, the mass fraction for particles larger than 5
um accounts for more than 40%. Therefore, soot particles sized larger than 5 pum accounts for a non-
negligible portion of the total particle mass for many combustible materials.
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Fig. 1. Soot mass fraction in terms of soot particles size for (a) carbon fiber, (b) optical cable, (c) glass
wool, and (d) polystyrene (reproduced from the work in [9]).

The movement of particles in an indoor environment is influenced mainly by gravitational force, buoyancy
force and drag force. Other forces such as pressure gradient force are negligible according to the work of
Zhao et al. [14]. The three forces gradually reach a balance in a homogeneous surrounding medium, thus
the particle reaches a constant velocity relative to its surrounding. This constant velocity is called terminal
velocity or settling velocity [22]. The settling velocity has the same direction as the gravity. If the particles
are spheres and the particle Reynolds number is less than 1.0, the magnitude of the settling velocity is
calculated as [23-24]:

9(pp - pr)d,y°
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where pp and ps are the densities of particles and fluid respectively. W is viscosity of the fluid. Eq. 1 shows
that the magnitude of settling velocity v, strongly depends on the particle size d,. The settling velocities are

approximately 10-° m/s for particles sized of 1 um, which can be ignored compared with the velocity of the
air flow within fire enclosures. However, the settling velocity of larger particles cannot be completely
ignored. For example, the settling velocities are approximately 10 m/s for particles sized 2 um and 10
m/s for particles sized 5 um. This velocity magnitude is comparable with the velocity in the gravitational
direction of gas flow in the remote locations in fire enclosures and should be considered in soot particle
transport modelling.

The drift flux model [14, 25, 26], which is an Eulerian approach, considers the gravitational settling
influence of particles by adding a drift term into the convection term in the particle transport governing
equation. In this study, the drift flux model was applied to investigate the influence of settling velocity on
particle movement with two different soot particle sizes (1 um and 10 um) in a two-dimensional chamber.
The geometry of the chamber was 30 m (length) x 10 m (height). There were no fans or ventilation in the
chamber. A simple fire with size 30 m x1 m was placed under the ceiling. The fire had a constant heat
release rate of 10 KW/s and soot release rate of 0.0025 kg/s for the first 100 seconds. The predicted
concentration of soot was normalised by a maximum concentration of 8.04x10- kg/m? within the chamber.
Figure 2 shows the normalised soot concentrations along the vertical central line of the chamber. Almost no
particles sized 1 um reached the lower layer even after 1800 seconds while most soot particles sized 10 pm
moved downwards to approximately 8 m height within a short period of time (180 s) and deposited on floor
after 1800 s. This demonstrates that settling velocity plays an important role in soot particle transport.
Therefore, the settling velocities of large soot particles must be considered as they may account for a
significant fraction of the total mass of soot particles.
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Fig. 2. The normalised soot concentration along the central vertical line at (a) 180 s, (b) 600 s, (c) 1800 s.



The foregoing discussion shows that it is necessary to consider the effect of settling velocity on soot
particle movement. As the sizes of soot particles vary in a large range, it is not adequately accurate to
represent the settling velocities for all individual soot particles with just one single size. An improvement of
the drift flux model, called Multi-Particle-Size (MPS) model, was developed to simulate soot transport
[18]. First, the MPS model divides the soot particles into several groups based on a grouping strategy. Then
for each group, a representative soot size is used to calculate the settling velocity of the group. The
transport of the soot particles in the it group is defined by a governing equation:

opYsi 3
L+ iv(p(0+ V5 )5, ) = div(p(Dg + 5p) VY5 ) +Sv,
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where Ys; denotes the mass fraction of the i soot group, the settling velocity vg,; Of particles is determined
by Eg. 1 with the representative particle size of the group, The particle eddy diffusivity e, is assumed to
equal the fluid turbulent viscosity, v, in enclosed fire environments for soot particles [27]. The model
ignores the effect of particles on turbulence as it is believed that the low particle loadings have a negligible
effect compared to the high flow turbulence levels [28].

The total soot mass fraction, Y, is then given by:

Ys = ZYs,i (3)

In a previous study, Hu et al. [18] simply divided the soot particles into three groups namely, particles sizes
less than 2.0 um, between 2.0 um and 7.0 um and larger than 7.0 um. As the characteristics of the mass
size distributions vary significantly among combustible materials, the grouping strategy with fixed size
ranges for all materials is crude. A more accurate grouping strategy is required in the further application of
the MPS model.

SOOT PARTICLE GROUPING STRATEGIES

In experiments, soot particles are collected and assigned into n classes according to their sizes (see Fig. 1).
The i" class contains soot particles sized within a small range and a size d; is used to represent the size of
the class. The mass distribution against size for combustible materials can be found in publications [8, 9,
11, 29, 30]. While the prediction of soot particle movement is accurate if all soot particle classes are
considered, the computational expense becomes unacceptable. In this section, several soot particle grouping
strategies applied in the MPS model are discussed by taking into account computational efficiency and
prediction accuracy.

To facilitate the discussion on grouping strategy, the sizes for all classes are assumed to be di, da,---, dn
(di>d>>---> dy) and the corresponding global mass fractions are m°,m9,---, m2 (Zi“:lmiozl), which are

supposed to be constants as the changes in soot mass size distribution are ignored. The density of soot
particle is also assumed to be a constant.

Method 1

The simplest method of grouping soot particles is to assign them to one single group (the mass fraction is 1)
with a representative size d to quantify the effect of gravitational settling on soot movement. Assume the
total mass of soot particles in a control volume is m. The momentum of the representative particles with
size d should be equal to the total momentum of all classes:

= Ores
mvg = Zinzl(mmi )Vs,i

(4)



where v and Vs ; are the settling velocities for soot particles of size d and d; respectively. Substituting of
Eq. 1 into Eq. 4, the representative size can be calculated as:

d? = Zinzlmiodi2

®)

The representative soot size calculated by Eq. 5 is valid only if the soot mass fractions of all classes in the
control volume at any instant are the same as the global mass fractions. However, the mass fractions of soot
classes in a control volume always vary during the soot movement.

Method 2

The validity of Method 1 becomes questionable for a material that produces soot particles with a large
variation in size. It can be very crude to have one single group to represent all soot particles in this
situation. It is more accurate to use settling velocities calculated from several representative sizes to
describe the soot movement.

First the determination of the representative size of a group is addressed. If soot particle classes with sizes
dk, Ok+1, -+, dkap (dk>dks1>--->dk+p) and corresponding mass fractions mE,mS+1,...,m|9+p are assigned to one

group, the representative size of the group, d, , can be calculated by an equation similar to Eq. 5:

T 2 _ N k+pm04 .2 jxok+p a0
dx _Zj:kmjdj /Zj:kml

(6)

The way of grouping soot particles should guarantee that the settling velocity calculated from the
representative size of a group can be used to quantify the soot momentum of the group with a reasonable
accuracy. One approach is to restrict the soot particle size range of the group so that there is no great
variation in the particles’ settling velocities among the group. Assume an additional soot class with a

smaller size dg (dq <d, ) and mass fraction mg is merged into the current group. The mass fraction of the

newly added soot particle class in the whole new group is

. mg
Mg =5 <kip.0
PO
mq+2j=kmJ

()

Then the mass fraction of the original group in the new group is 1-mq". The representative size d, of the
new group is calculated by Eq. 6 and simplified as:

a*z_ *d2 _ * 72
kK =Mg q+(1 mq)dk

®)
The criterion related to the change of the representative size is defined as:

Crl = ak —a; < tl (9)

where ty is a given tolerance. For particles smaller than 5 pm, Cr, <1 um is acceptable as the change in the

representative settling velocity is less than 5x10* m/s. Similarly, for particles smaller than 10 um and
larger than 5 um, cr, <0.5 pum is acceptable.

However, it is difficult to avoid a great variation in settling velocities among the group if the sizes of
particles are very large. For example, 1 pm difference in size can cause a difference of 103 m/s in settling



velocity if the sizes of soot particles are larger than 9 um. Therefore, when there is a large variation in
settling velocity among the group and the first criterion is not met, a second criterion is sought to restrict
the error in the estimation of the soot particle momentum (usually for particles larger than 5 um) so that the
under-estimation of the soot momentum of the group should be within an acceptable tolerance. Assume that
the total soot mass of the group in a control volume is mg. As the settling velocities among one group are

always no more than the settling velocity Vg (calculated from largest soot particle with size dx in the
group), it is always true that:

<||
~N

Mg V.
> _gkVsk _ Vsk _

1> — -
MgVsk  Vsk d

~N

(10)

where \Zﬁk is the settling velocity of a particle with the representative size of the group d, . The above

inequality shows that the larger the ratio, d?2/dZ, is, the less the momentum of the group is under-estimated
if the settling velocity is calculated from the representative size d, . Define the second criterion Cr, as

follows

32742
CI’Z =1—dk /dk <t2 (11)

Cr, should be smaller than a given tolerance t, so that the momentum of the group is not severely under-
estimated. Here t,is set to be 0.3.
For soot particles smaller than 1.5 pum, the magnitude of settling velocity is 10° m/s. The effect of

gravitational settling on these particles can be ignored. Thus grouping these small soot particles without
considering the above two criteria is reasonable.

Based on the above discussion, a method to group the soot particles is developed and the procedure is
outlined as follows:

Step 1: Sort the ungrouped soot particles by size from largest to smallest. This results in soot classes as dj,
dz,---, dn (di>d>>---> dp) and the corresponding global mass fractions for these classes are
mg,mg,-,my (ZfLymf =1);

Step 2: Setk=q=1;

Step 3: If dq<1.5 pm, go to step 6; otherwise, set Sy = {dq} and d, =dq. Setq=q+ 1. Ifq<n, go to step 4.
Otherwise go to step 7.

Step 4: Add the soot class with size dq to S’ = Sk U {d}, calculate the criteria Cr; (Eq. 9) and Cr, (Eq. 11)

over S’k

If (dg >5 pm) and (Cr <0.5 um or Cr, <30%), add the soot class g to group k, i.e., Sk = Sk U {dq}-
Go to step 5;

If (dq <5 pm) and (Cr <1 um or Cr, <30%), add the soot class g to group k, i.e., Sk = Sk U {dq}-
Go to step 5;

Otherwise, set k =k + 1, go to step 3
Step 5: Calculate the representative size of Sk by Eq. 6. Set g =q + 1; go to step 4;
Step 6: Combine all the remaining classes into one group as Sk and get the representative size by Eq. 6.
Step 7: Stop.

Method 3

Method 2 does not limit the number of the groups and hence the potential computational cost may be high.
Here a strategy to further reduce the number of soot groups is developed. First, the soot particles are
grouped by Method 2. If the number of the soot groups is greater than 3, some groups with small mass
fractions are merged to reduce the number of the groups. If a group with large soot particles (representative



size > 5um) has a small mass fraction (<0.05), or if a group with the representative soot particle smaller
than 5 um has a mass fraction less than 0.1, the group is merged into the next group which has a smaller
representative size.

Method 2 normally divides the soot particles produced from the burning of the combustible materials
studied in [9] into 3 groups, while for a few of the materials 4 or 5 groups are required. Using Method 3,
the soot particles from all of these materials are divided into 3 groups [20]. The grouping results for four
materials using the three methods are presented in Table 1. In practice, the computational cost is acceptable
if the number of groups is no more than 3.

Table 1. The soot groups derived from Method 1, Method 2 and Method 3 for four representative materials

Method 1 Method 2 Method 3
Material Representative Mass Representative Mass Representative Mass
size(um) fraction size(um) fraction size(um) fraction
7.19 0.0385 7.19 0.0385
1.21 0.0207 1.21 0.0207
Carbon fibre
2.1838 1 0.32 0.9408 0.32 0.9408
9.17 0.3026 9.17 0.3026
Glass wool 3.07 0.2895 3.07 0.2895
5.3152 1 0.29 0.4079 0.29 0.4079
10.00 0.002
] 6.04 0.2449 6.09 0.2469
Optical
0.88 0.2039 0.88 0.2039
cable
3.0563 1 0.12 0.5422 0.12 0.5422
10.15 0.0135 10.15 0.0135
Polystyrene 5.15 0.6863 5.15 0.6863
4.4617 1 0.62 0.3022 0.62 0.3022

Performance of the Grouping Strategies

In order to examine the performance of these grouping strategies, the movement of soot particles from four
building materials (listed in Fig. 1) had been simulated in a 2-dimensional closed chamber, which was
described in the section Multi-particle-size soot transport model. Four simulations for each of the four
materials were carried out for 1800 s with different grouping strategies. First, all the 12 soot classes
identified from the fire experiments (see Fig. 1) were applied in the simulation for each material. Then the
soot groups derived by Method 1, 2 and 3 were applied (see Table 1). In order to examine the reliability
and accuracy of the three soot grouping strategies, the predicted soot concentrations along the vertical
central line were compared with the results predicted with the original classes (Fig. 3-6). The soot
concentrations are normalised by the value 8.04x10-3 kg/m?.

The soot particles sized less than 1 um account for more than 90% of soot mass for carbon fibre (Fig. 1(a)).
The representative size derived using Method 1 (2.1835 pum) is at least twice as large as most soot particles
produced from the material. Using the settling velocity calculated from this method overestimated the
sedimentation of most soot particles. Compared with the prediction using the 12 original classes, the soot
concentration at 0.5 m below the ceiling was under-predicted 12.3% at 600 s, 28.2% at 1200 s and 39.6% at
1800 s when Method 1 was applied (Fig. 3). The soot particles produced from optical cable and glass wool
have more even mass size distributions compared with those of the other two materials (Fig. 1(b) and (c)).
For glass wool, the soot concentration was under-predicted 53.5% at the height of 0.5 m below the ceiling,
over-predicted 98.5% at the height of 3 m below the ceiling, and under-predicted 99% at the height of 1 m



above the floor just after 600 s simulation time when Method 1 was applied (Fig. 5). The discrepancy
between the predictions from Method 1 and the predictions using the 12 original classes is also obvious for
optical cable (Fig. 4). For polystyrene, after 1200 s, the soot concentration at the height of 1 m above the
floor reaches 3.5% using the 12 original classes while it is near zero predicted by Method 1. For all the
four materials representative of different types of soot mass size distribution, Method 1 produced large
errors in the predictions of soot concentration compared with the predictions by all the original soot classes.
This suggests that using one representative soot size does not result in sufficient accuracy to describe the
settling velocities for soot particles of all different sizes. It also demonstrates that gravitational settling
plays a significant role in soot movement.

10 3 10

8 8
E 6 —All classes E —All classes. :E 6 4 —All classes
k=l k=l E-
;‘ e Method 1 ;‘ o Method | _'—j' ® Method |
- ¢ Method 2 - ¢ Method 2 o ¥ Method 2

5 Method 3 Method 3 5 A Method 3

0 0

0 0,2 04 0,6 08 1 0 0,2 04 0,6 08 1 o 02 04 0.6 08 1
Normalised concentration Normalised concentration Nommalised concentration
(@) (b) ()
Fig. 3. Normalized soot concentration for carbon fibre at (a) 600 s, (b) 1200 s and (c) 1800 s.

10 10 ‘\

8 . 3 H
g — All classes E — All dlasses E —All classes
z z £
2 ® Method | ¥ ® Method 1 g ® Method |
- ¥ Method 2 - ¥ Method 2 ¥ Method 2

5 Method 3 2 A Method 3 A Method 3

0 0

0 0,2 04 0,6 0.8 1 0 02 04 0.6 038 1 0 0.2 04 0.6 08 1
Normalised concentration Normalised concentration Normalised concentration

(@)

(b)

(©)

Fig. 4. Normalised soot concentration for optical cable at (a) 600 s, (b) 1200 s and (c) 1800 s.

g — All classes E — All classes :E =All classes
= k-1 E-
s ® Method | 5 ® Method 1 &  Method |
- ¢ Method 2 - ¢ Method 2 - ¥ Method 2
Method 3 A Method 3 4 Method 3
0 0.2 04 06 08 1 04 0.6 0.8 1 04 0.6 08 1
Normalised concentration Normalised concentration Normalised concentration
(@) (b) (c)
Fig. 5. Normalised soot concentration for glass wool at (a) 600 s, (b) 1200 s and (c) 1800 s.
10 . 10
¥ ..
8 8 ‘
E s — All classes ? — Al classes ? 6 —All classes
z z £
;‘ o Method 1 _é‘ ® Method 1 _é‘ ® Method 1
oo ¥ Method 2 B ¢ Method 2 oo ¢ Method 2
» Method 3 A Method 3 3 A Method 3
0 0
0 0,2 04 0,6 08 1 04 0,6 08 1 0 0,2 04 0,6 08 1
Normalised concentration Normalised concentration Normalised concentration

(@)

(b)

(©
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However, the soot concentrations predicted using Method 2 and Method 3 are much closer to those
predicted using the 12 original classes during the whole simulation period (1800 seconds) for the four
materials. Comparing the predicted soot concentration using all original classes and using Method 2 and 3,



the maximum difference is no more than 5% for the first three materials and is approximately 15% for
polystyrene. For optical cable, although the group division derived from Method 2 is not the same as that
from Method 3, the difference in predictions derived from the two grouping strategies is no more than 3%.
This demonstrates that Method 3 can reduce the group numbers without greatly reducing prediction
accuracy.

SIMULATING SOOT TRANSPORT IN A LARGE-SCALE INDUSTRY BUILDING

In this section, soot movement in a large-scale industry building was simulated using the MPS model and
the Conventional Model in which soot is treated as a gas species. The predictions of soot obscuration at
some points of the building are compared with the measurements.

Experiments and measurements

A series of experiments in which soot obscuration was measured were conducted in a large industry
building. During the experiments, a soot generator releasing diesel soot particles was placed on the floor of
the industry building [31]. The building was a large-scale enclosure with a floor size of 171x90 m? and
height of 7.25 m. The temperature within the building varied between 23 and 26 °C. The experiments were
performed during normal operation of the facility, which means the experiments were not fully controlled.
The building was equipped with optical point detectors and lasers with a wavelength of 670 nm. The laser
measured over one meter while the detector measured in a single point. The origin of the coordinates was
defined as the position that was 7 m away from the soot source in x direction and 6 m away from the soot
source in y direction at floor level. The locations of the soot source and some items of the experimental
equipment are given in Table 2.

Table 2. Coordinates of the equipment and the soot source.

Instrument/fire coordinates Comments
Soot generator (7,6,0) Soot release rate =10 g/s if t<10s
Soot release rate =0.1+(t-10)x0.02 g/s if 10s <t <360 s
(based on the simulation of Blomqvist [31])

Detector | (11.25, 6, 6.2) Optical point detectors APS006

Detector 11 (15.75, 6, 6.2)

Laser 1 (7.4,5.7,4.8) All laser beams were parallel to the floor. The

Laser 2 (6.3, 10.7, 6.25) coordinates are the position of the midpoint of a laser

beam, which was the most closed point to the soot

Laser 3 (10.8,10.7, 6.25) /
source in the beam.
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Fig. 7 The measured soot obscuration by laser 1 for (a) test 1, (b) test 2 and (c) test 3 [31].

The experiment was repeated three times. Although the normal operation within the facility caused
discrepancy in measured data between the tests, some measurements still have the similar tendency among
the repeat tests, including the obscuration tendency measured by the three lasers and two detectors. Some
conclusions of the experimental results are presented as follows:
e Detectors | and Il gave warning and pre-alarmed activation in the three repeat tests, which
indicated the soot obscuration at the two positions should be greater than 2%/m at some times.
e Detector | and Il recorded a similar tendency of soot obscuration in the three tests.



e There are great fluctuations in the soot obscuration measured by the lasers, especially for laser 1
(see Fig. 7). For each laser, the measured soot obscuration in the three repeat tests follows a
similar tendency.

Numerical details

Blomgvist [31] had run a series of simulations of the experiments. The simulation set-up in this study was
very similar to that of the Blomqgvist’s simulations, as there was a lack of information of the experiment,
such as the soot release rate and velocity and disturbances caused by the normal operation at the facility.

The computational region was a cuboid of 20 m x 15 m with a height of 7.3 m, a cut-out space within the
building. A non-uniform mesh consisting of 192,000 cells was applied to discretise the region and the
largest mesh size was around 0.3x0.3x0.2 m®. The four vertical boundaries of the cuboid were set to be free
flow (outlet) and the temperature was assumed to be constant with a value of 297 K. The soot source was
modelled as an inlet on the floor, with a constant inlet velocity of 1.5 m/s through a 0.2 m squared hole at
temperature 340 K. The simulations were carried out with a time step size of 2 second for 600 seconds.

The MPS model was used in one simulation to simulate the soot transport in the building and the
Conventional Model in which soot is treated as a gas species was used in another simulation. For the
simulation using the MPS model, the soot mass fraction distribution of diesel [32] was used because the
fuel used in the soot generator was diesel [33]. The group divisions calculated using Method 3 are listed in
Table 3.

Table 3. Soot particle groups
Representative size (um) 15.4643 2.8052 0.2021
Mass fraction 0.0553 0.1050 0.8397

Simulation results and discussion

In this section, the soot obscuration profiles on a vertical cut plane predicted by the MPS model and the
Conventional Model are compared. Further, the predicted obscuration tendencies at positions of two
detectors and three lasers are compared with the measurements.

Obscuration profile

The obscuration per meter is calculated as [20][31]:

_1.9x10%x1.8x10° f,

obscuration per meter (%/m) =100(1-10 10 )
12)

Equation 12 is derived by simplifying the obscuration equation in [34] with the soot density ps=1800 kg/m?,
the particular mass optical density per meter Dmo=1.9x10* ob m®/kg, and the distance L to be unit length.

To have an overview on the soot movement, the obscuration distribution on the vertical cut XZ-plane
across the soot source is displayed in Fig. 8. The soot generator released soot continually and was stopped
at 360 s. Soot was predicted to spread under the ceiling by both models. However, Fig. 8 shows that there is
a considerable difference in the predicted soot obscuration produced using the two models in the region 0.8
m below the ceiling. The obscuration in this region was predicted to be near zero by the Conventional
Model during the entire simulation time. However, the obscuration in this region was predicted by the MPS
model to decrease gradually with time and the obscuration value in most of the region was near or over 1
%/m after 390 s. This corresponds to the experimental observation that a layer of soot was hanging in the
air and moving downwards to the people working in the building during the experiments.
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Fig. 8. The predicted obscuration profile at the vertical cut plane across the soot source at (a) 300 s, (c) 390
s, (€) 480 s using the Conventional Model and at (b) 300 s, (d) 390 s, (f) 480 s using the MPS model.

Obscuration at laser positions

Laser 1 was mounted 2.5 m below the ceiling while Laser 2 and Laser 3 were both mounted 1.1 m below
the ceiling. The obscuration derived from the measurements of the three lasers in the three repeat tests
shows great fluctuations, but has a similar tendency. The measured obscuration tendency from test 2 is used
to compare with the predictions as the results from this test are more stable than the other two. Fig. 9 shows
the soot obscuration tendencies derived from the measurements of the three lasers and calculated from the
predictions of the two models. In order to include the information of the obscuration fluctuations, the upper
and lower bound in the measured obscuration in every 30 seconds are also presented (vertical lines).
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Fig. 9. The measured and predicted obscuration tendency at the position of (a) Laser 1, (b) Laser 2,

(c)Laser 3.

The obscuration tendencies predicted by both models matches the measured tendency at the position of
Laser 1. However, both models over-estimated the obscuration at this position. The reason might be that the
soot concentration at the height of the laser was easily diluted by the air flow which was caused by the
normal operations within the building and was not simulated in the study. The measurements at positions of
Laser 2 and Laser 3 show that the soot obscuration tendencies at the two positions increased in the first 300
seconds. The MPS model predicted the tendency reasonably well while the Conventional Model failed to



predict this trend. The peak obscuration predicted by the Conventional Model is approximately zero, which
is outside the range of the measured obscuration fluctuations.

Obscuration at detector positions

Detector | and Il were both mounted 1.1 m below the ceiling. Figure 10 shows the tendency of soot
obscuration measured by the detectors and calculated from the predictions of the MPS model and the
Conventional Model. The measured tendencies (dash lines), the upper and lower bounds of the measured
obscuration in every 30 seconds (vertical lines) are derived from test 2.
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Fig. 10. The measured and predicted obscuration tendency at position of (a) Detector I, (b) Detector II.

The measured soot obscuration at Detector | was approximately 0.24 %/m at 390 s and then increased
sharply to 2.1 %/m at 420 second. At Detector |1, the measured obscuration started to increase gradually at
180 seconds and reached a peak value of 2.65 %/m at 450 seconds. The MPS model qualitatively captured
the changing trends of obscuration at the two locations in spite of that the timings of the increases and peak
values were not correctly predicted. At Detector I, the predicted obscuration increases gradually between
210 and 420 seconds and reached a peak value of 2.27 %/m, 8.1% higher than the measured peak. At
Detector 11, the predicted obscuration matches the measured value between 0 and 360 seconds, but the
predicted peak value is only 1.45%/m, 45% lower than the measured one. Considering the tests were not
fully controlled and barriers for soot movement (stacked goods, racks, et al.) were unknown, only
qualitative match of the model predictions with the measured obscuration can be expected. On the other
hand, the Conventional Model predicted almost zero obscuration for both positions, which is far too low
compared with the measurements.

CONCLUSIONS

The Multi-Particle-Size (MPS) model was developed to improve the prediction of soot movement by
considering the influence of the uneven mass size distribution of soot particles of a combustible material on
gravitational settling. To reduce the computational cost of the model, it is necessary to reduce the humber
of the soot particle groups that are originally derived from experiments. The soot particles are divided into
a fewer number of groups by merging some of the original groups. In this study, three strategies for
grouping soot particles were proposed and discussed by minimising the computational cost without
significantly reducing the prediction accuracy. In order to examine the performance of these grouping
strategies, the movement of soot particles produced from four materials in a large chamber was simulated
using the three strategies. The simulation results show that using only a single representative size failed to
produce reasonable predictions of soot concentration while the predictions produced using the other two
strategies (Method 2 — utilizing three or more groups and Method 3 — utilizing three groups) matched
reasonably well with the predictions produced using the 12 original soot particle classes obtained from the
experiments. However, using Method 3 only three groups are required thereby reducing the computational
costs compared to Method 2.

The MPS soot model with Method 3 was applied to simulate soot movement in a large industrial building
with a high ceiling. While the Conventional Model failed to predict the downward movement of the soot



layer, the MPS model predicted the soot descent phenomenon that was observed during the tests. The MPS
model was able to predict the obscuration values at a number of positions reasonably accurately while the
Conventional Model greatly under-predicted all of them.
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