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Abstract

Numerical simulation of turbulent combustion and flame spread in a large complex fire has been
carried out using a self-developed CFD code SMAFS to investigate the well-known Géteborg fire
accident [1]. This comprehensive computation includes modeling of turbulence, turbulent combustion,
sooting, radiation, heat conduction and pyrolysis of solid fuel. In order to reduce the wall clock time to
an acceptable limit, the computation was parallelized based on domain and angle decompositions and
performed using 8 processors on a SGI Origin 2000 super computer. The results, including the transient
development of the smoke profile, heat flux distribution and flame spread over combustible material,
etc., are presented and analyzed. It is found the simulation is in a good agreement with the real fire
accident observation and helps explain the real fire phenomena.
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ABSTRACT

Numerical simulation of turbulent combustion and flame spread in a large complex
fire has been carried out using a self-developed CFD code SMAFS to investigate the
well-known Goteborg fire accident [1]. This comprehensive computation includes
modeling of turbulence, turbulent combustion, sooting, radiation, heat conduction and
pyrolysis of solid fuel. In order to reduce the wall clock time to an acceptable limit,
the computation was parallelized based on domain and angle decompositions and
performed using 8 processors on a SGI Origin 2000 super computer. The results,
including the transient development of the smoke profile, heat flux distribution and
flame spread over combustible material, etc., are presented and analyzed. It is found
the simulation is in a good agreement with the real fire accident observation and helps
explain the real fire phenomena.

CASE DESCRIPTION
One-fourth Scale Simulation

Both one-fourth and full scales simulations were carried out. In the one-fourth scale
simulation, the scenario was constructed largely based on the one-fourth experiment
performed at SP [1], with some differences which are believed unimportant (except
the heat release history) as far as the simulation is concerned. Figure 1 shows different
views of the considered building. Initially, all the windows and doors were closed
except the exit door at the stairwell (see Fig. 1(a)) and the backside door (see Fig
1(b)). Fire started at the stairwell and then penetrated into the dance hall through the
connecting doorway, which was opened at 6 minutes after the fire started. Two and
half more minutes later, several heated windows (marked by the green color in Fig.
1(d)) were assumed broken. It would be worth to note that the procedure of opening
the door and windows is not exactly the same as that in the SP’s experiment. Due to
the strong oscillation and uncertainty of the experimental heat release curve, it is
extremely difficult, if not impossible, to follow the actual heat release in the numerical
modeling. Therefore, a modeled heat release history was used in the simulation
instead, as shown in Fig. 2. The difference between the modeled and the actual heat
release histories makes the comparison between computation and measurement rather
groundless. With the growth of fire, the area of the fire source was modeled to expand
until it reached the same area of wood crib used in the experiment [1].
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Fig. 1 Different views of the one-fourth scale building
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Figure 2 Heat release histories in the one-fourth scale fire
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Full Scale Simulation
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Fig. 3 Different views of the full scale building
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Figure 4 Heat release history used in the full scale fire simulation



The full-scale building came from the scaling of the one-fourth scale building by a
factor of 4 in all three spatial dimensions and has a slightly different internal structure
as shown in Fig. 3. Fire also started at the stairwell and then penetrated into the dance
hall through the connecting doorway, which was opened during the fire. Since the
object is to capture the major features of the fire accident, to reduce the computing
labor to a reasonable limit, the whole fire process was somehow compressed on the
time coordinate. As a result, the start fire was assumed to grow quicker than in the
one-fourth scale case. Fig. 4 shows the start fire heat release history used in the
computation. This used heat release history is based on a simple scaling of the heat

release of the one-fourth scale fire by a factor of 16+/2, but with time coordinate
compressed. The connecting door and all the windows were opened respectively at
3.5 and 4.5 minutes after fire started.

In this full scale simulation, as indicated by the wood color in Fig. 5, the side walls of
the connecting doorway and the floor in the large dance hall were set combustible as
they were in reality, although they were assumed to be particle board in material. The
investigation was then made in the computation to study the possible flame spread.

In both simulations, the fuel in the starting fire was assumed to be propane.

Fig. 5 Internal combustible floor and walls of the building

NUMERICAL COMPUTATION

Comprehensive computations were carried out to study the fire process, using about
half million gas phase nodes, half million solid phase nodes, 16 radiation rays, and
time steps varying from 0.25 to 2.0 seconds. Considering the physical difference of
the processes in the gas and solid phases, two separate grids were adopted so that both



phases could be properly and economically resolved. The used gas phase grid for the
full scale is illustrated in Fig. 6. The models activated in these two applied
computations are: the standard buoyancy-modified k —& two-equation turbulence
model [2], eddy dissipation turbulent combustion model [3], discrete transfer radiation
model [4], an integral radiation property evaluation model [5], a simple empirical soot
model and solid fuel pyrolysis model [6].

In order to reduce the wall clock time, the computation was run in parallel using 8

processors on the SGI Origin 2000 super computer named Embla in Lund University,
Sweden. The parallelization was based on domain and angle decompositions.

=MAF S YVisuhzatiom

Fig. 6 Gas phase grid for full scale simulation

INITIAL AND BOUNDARY CONDITIONS

The whole system was assumed to stand initially still in an environment of uniform
temperature of 300K. The solid boundaries, including the wall surface and the floor,
were assumed to be non-slip boundaries. As an approximation, the standard wall
function treatment was used to calculate the convection heat transfer.

The computation domain was extended to the region where the free boundary
condition was employed.



RESULTS AND DISCUSSIONS
One-fourth Scale Simulation

As mentioned earlier in the case description, due to practical difficulties, the
simulation’s setup did not map exactly with that of the referred experiment and
consequently the comparison between the computation and measurement is not well
grounded. As a result, the results of the one-fourth scale simulation shown below are

only for reference although they are presented together with the available
measurements.
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Fig. 7 Horizontal locations of four particular measurement points

Figure 7 shows horizontal positions of four particular temperature measurement
points of the SP’s experiment. Among these four points, point 1 was at 0.6 m above
the upper floor of the stairwell and the other points were at 0.09 m below the ceiling.
The predicted and measured transient temperature profiles of these four points are
shown in Figs. 8-11.
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Fig. 8 Temperature vs time (point 1) Fig. 9 Temperature vs time (point 2)
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Full Scale Simulation

Figure 12 shows the predicted transient developing of an example temperature profile
in the stairwell where the fire started. As can be seen, at the early stage, the hot gas
filling was fast and gradually slowed down latter when the fire became ventilation
controlled. After the door connecting the stairwell and dance hall was opened, due to
the large leakage of the hot gas from the stairwell to the dance hall, the height of the
hot gas layer in the stairwell reduced somewhat and then remained essentially
stablized. The temperature profile shown in this figure also indicates that at late stage
when the fire in the stairwell became ventilation controlled, the combustion mainly
happened at place close to stairwell doorway where fuel could meet oxygen in stead
of directly at fuel source. Due to the limited ventilation and quick growth of fuel
release, oxygen supplied through the stairwell doorway was consumed well before it
could reach the fuel source center.
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Fig. 12 Predicted transient developing of an example temperature profile in stairwell

Due to the quick growth in fuel release of the fire source and the limited ventilation,
the combustion in the stairwell was incomplete and a large amount of fuel was
accumulated. Once the connecting door is open, the accumulated hot fuel went into
the dance hall through the connecting doorway and mixed there with oxygen. As a
result, fire penetrated into the dance hall. A typical temperature profile sequence in
the dance hall after the connecting door was opened is shown in Fig. 13. This
sequence presents clearly the hot gas filling process and the shift of the flame front
(indicated by the high temperature) from the connecting door to the back of the dance
hall. After the windows were opened (at time = 270 s), the flow field changed
accordingly in such a way that the back part of the dance hall was partly cleared by
the fresh air sucked in from the backside door (compare Fig. 13 (d) with Figs. 13(e-
f)). This phenomenon will be discussed in more detail later when the flow field is
presented. In order to give a direct representation of the flame front, a plot of the fuel
consumption rate is presented in Fig. 14.
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Fig. 13 Predicted transient developing of an example temperature profile in dance hall
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Fig. 14 Predicted fuel consumption rate in dance hall

The big flame in the dance hall imposed an intensive heating to its surrounding and
presented a substantial potential of flame spread over combustible materials. Figure
15 shows the predicted net radiation flux distribution in the dance hall. Due to the
strong heating, the combustible side walls and floor were ignited and flame spread
over, as shown in Fig 16, where the predicted transient developing of the char layer on
the combustible side walls and floor is presented. The ignition of solid combustible
material could produce quite amount of smoke and toxic gases and thus increase the
severity of the fire accident. It would be worth to mention that flame spread was also
observed in the real fire accident.
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Fig. 15 Predicted transient developing of net radiation flux

SMEFS Visulization V20 Z H. Yo, 2000/09/35 SMAFS Wisulization V2.0 Z H. Yo, 2000/09/26
. 1356400 l 1256400
B 75E-01 B75E-01
0.00E+CC Q.00E+DD

Tirme = ZEB0E+02 s Time = 3O00E4CZ s
Cher depth distribution (n marn, threshold = Q.01 mim)

a) b)

Cher depth distribution {in marn, threshold = Q01 mim)



B 13BEH00 ||
B75E-01

B oooE+oo |

Time = 3120E+02 s
Cher depth distrioution {in i, threshold = Q01 mm)

c) d)

Fig. 16 Predicted transient developing of char layer

Due to the strong uneven heating, a substantial thermal stress could be generated in
the glass windows and consequently these glass windows might break. Due to the
insufficient supply of oxygen, an under ventilation condition was quickly reached in
the dance hall. Therefore, once the windows were broken, flame came out from the
windows and an intensive combustion extended outside of the building, as shown in
Fig. 17. This big window flame, together with the combustion inside the fire building,
imposed some strong heating and thus a considerable danger to the neighboring
buildings. Fig. 18 shows the predicted radiation heat flux to a surface of building
which was assumed to be located 3.3 meters away from the fire building.
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Fig. 17 Temperature profile of the window flame
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The breakage of windows also created significant influence on fluid dynamics. Driven
by the pressure mainly generated by thermal expansion, the smoke came out of the
building from the backside door of the building when the windows were closed. Once
these windows were broken, some large smoke exits were created. At these exits, the
path length is shorter and thus pressure-gradient is higher than at the backside
doorway. As a result, smoke started to come out of the building mainly from the
broken windows. With additional strong influence of buoyancy, flow at the backside
door changed its direction and consequently the backside door became a route for the
entrainment of fresh air. Due to the entrained fresh air, the backyard of the building
became relatively safer. The transient flow pattern during this process is illustrated in
Fig. 19. This predicted flow dynamics lies in an agreement with the observation of
fire fighters.
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Fig. 19 Transient development of flow field close to the backside door



To provide more detail information of the simulated fire process, some typical plots of
heat flux in the stairwell, CO2 and soot volume fraction profiles are given below in
Figs 20-22. Since the fuel of the starting fire source was assumed to be propane in the
simulation, the predicted soot volume fraction can be lower than the soot volume
fraction in the real fire.
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Fig. 20 Heat flux distribution in the stairwell at t= 258 s
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Fig. 21 Predicted transient developing of an example CO2 profile in dance hall
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Fig. 22 Predicted transient developing of soot volume fraction profile in dance hall

CONCLUSIONS

Numerical simulation of turbulent combustion and flame spread in a large complex
fire has been carried out to investigate the well-known Goéteborg fire accident. This
comprehensive computation includes modeling of turbulence, turbulent combustion,
sooting, radiation, heat conduction and pyrolysis of solid fuel. The results of this
simulation show a good agreement with the available observation of the real fire
accident. With the obtained detail information on the fire dynamic and flame spread
processes, the simulation helps explain the observed fire phenomena.

The accomplishment of this applied computation demonstrates the capability of the
available modeling technology in fire safety design and fire accident investigation,
and thus indicates a great potential usage of the modeling in practical applications.
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