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Abstract. The importance of CFD simulations in technical applications is growing fast. In
addition to classical applications like e. g. external aerodynamics, CFD entersinto new areas
of use. The example presented shows, how to use and combine different models describing
relevant physical phenomena in safety and environment engineering. Two devel opments lead
to more and more advanced CFD models in engineering applications. On one hand, new
mesh generators allow to create increasingly complex and detailed grids. On the other hand,
the underlying physics is modeled more exactly. Besides bare flow quantities like pressure
and velocity, phenomena like conjugate heat transfer and radiation are accounted for by
solving the corresponding transport equations. In addition, chemical reactions and
multiphase physics are included. Another major challenge is dealing with transient
simulations leading to a massive increase of required computing power. The current case
analyzes the transient burning of a vehicle in a parking garage, which is separated from a
neighboring shopping centre by a glass wall only. At a certain time, while the fire develops,
ceiling sprinklers are activated to cool the glass. As the flow develops in time, heat generated
by a chemical reaction is released to the environment. The flow is simulated including two
phases; air and flue gases as well as the liquid water droplets, injected by the sprinklers.
Evaporation, another mechanism redistributing energy, is considered, too. The glass wall is
modeled as a solid body participating in radiation and conducting heat to the other side. Of
particular interest are differencesin temperature- and flowfield, with and without sprinkler.
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1 INTRODUCTION

About 15000 people per year are victims of fire accidents. Also, material assets of about 70
billion Dollars are being destroyed [1]. As fires will continue to break out in future because of
accidents or other reasons, it is important to reduce the damage caused by fire to a minimum.
Particularly it is of importance that people have the possibilities and the time to escape. For
these reasons, predictions about the characteristics of burning and about the concentrations of
fumes are essential for planning buildings. It is also of interest to check the effectiveness of
protectors like sprinklers and guard doors. Knowledge about these things can help to improve
the construction of buildings in an early stage of planning to increase safety and reduce costs.

To get information about the fire characteristics and species concentrations different
methods are used.

Experimental fires with existing buildings give good accords to fires breaking out in real
life. Nevertheless it is difficult and expensive to get all data needed (temperatures,
concentrations of fumes, etc) by measurements. In addition such experiments are limited by
reasons of safety, environmentalism and costs.

Simplified experiments on smaller models or real objects like experimental burnings can
provide the data needed. However, in most cases the transfer and scaling from the model to
reality is difficult or impossible.

Norms and standards (e. g. DIN 18232) only work for very simple buildings. They cannot
be used for more complex geometries.

Because of these limitations, software based methods have been developed through the last
years.

A simple software based method is the “zonal model”. The geometry is divided into
different zones. For these zones energy and continuity equations are solved in every time step.
This method is cheap and easy to use. Because of the coarse zonal resolution only simple
geometries can be examined. External influences like wind can hardly be investigated.

The most flexible, most common and most exact tool is the CFD method (Computional
Fluid Dynamics). This method can now be considered as the state of the art. The examined
geometry is divided into many small volumes (today more than 10' 000’ 000 volumes are not
unusual). For each of these elements the conservation eguations of mass, momentum and
energy are solved in every time step. If needed, additional equations can be solved, e. g. for
turbulence, heat transfer through radiation or species transport. Modern CFD codes allow for
afast mesh generation, usually based on geometry import from a CAD tool, and an interactive
solution process. Some more details about CFD can be found in chapter 3.

In this paper the simulation of a burning vehicle is presented. This car is placed in front of
a glass wall in the parking area of a shopping mall. The simulation is a feasibility study
accomplished by Fluent Deutschland GmbH for AFC Air Flow Consulting (AFC). Goal of the
simulation was to gather information about the influence of the fire on the environment. The
effects of a sprinkler system were of special interest, particularly its influence on the
temperatures in the parking area and inside the glass wall.
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2 MOTIVATION AND PROBLEM DESCRIPTION

The modern architecture from the beginning 21st century shows atendency to large leisure
centres. They are denoted by a versatile utilisation. There are for example combinations of
multiplex cinemas and conference (business) centers as well as shopping and wellness
facilities. This approach leads to high requirements towards the fire and safety concepts. Due
to the large number of people which are present in such a centre during a weekend — there are
easily between 20’000 and 30’ 000 people within the facility - large parking areas are included
in this kind of centres. Asthe architects prefer transparent materials (glass) in the centre, they
try to avoid other materials even if preferred for reasons of safety or fire protection.

Improvements in the field of applied fire and safety have been attended in the past years by
changing fire safety regulations. Different types of tests and simulations are done to predict
the exact conditions (temperatures, smoke propagation for evacuation scenarios etc.) in the
case of afire disaster. CFD simulations hereby become more and more important.

In the design process of leisure centres described above, many different aspects and
guestions arise. Fire and safety regulations are often in opposition to the design ideas of
architects and engineers are asked to provide appropriate solutions.

In this case, AFC Air Flow Consulting was asked to prove the resistance of a glass wall
against a fire in a parking garage located next to a main entrée of such a large shopping and
leisure centre. The parking area is separated from the shopping area only by a glass wall.
Furthermore to save parking space, it is important to allow parking directly in front of the
glasswall.

The national fire department requested a resistance of the glass wall against fire for a
minimum of 60 minutes, even if the fire jumps over to other cars.

Therefore a glass construction with F60 specification was chosen. This means it must have
afire resistance of 60 minutes before bursting.

The designers are till unsure about the resistance of the wall in the case of acar fire. The
following questions arise:

Effect of a burning car to a F60
glassing between parking area and
mall

Impact of increased sprinklers

Predicted temperatures with and
without sprinkler inside the glass

Table 1. Problem description and schematic representation.
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3 INTRODUCTION TO CFD ANALYSIS

Computational Fluid Dynamics (CFD) is used to predict fluid flow, heat transfer, mass
transfer, chemical reactions and related phenomena. It solves the mathematical equations
representing the physical laws using a numerical process. These phenomena are described
through general transport equations (equation 1).
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Figure 3.1: Explanation of the symbols.

These equations can be solved analytically only in special cases. Therefore they are
discretized into algebraic equations. The form of discretisation depends on the method used to
solve the algebraic equations. FLUENT, the solver used for this simulation, applies the Finite
Volume method. For this method, the domain is divided into small volumes. Fig. 3.2 shows a
discretized pipe.

Fluid region of
pipe flow
discretized into
finite set of
control volumes
(mesh).

=
control
volume

Figure 3.2: Discretized pipe.

For each of these small volumes the algebraic transport equations are solved in
consideration of the neighboring volumes. At the boundaries of the domain, conditions for
temperature, velocity, etc. have to be set. The equations are solved in an iterative cycle. The
result is complete information about the flow, temperatures, etc. in the whole domain. These



Elmar Schnedoch, Michadl Adler and Alois Schalin.

fields can be examined graphically or numerically. A typical CFD analysis is set up in the
following steps:
Problem identification and pre-processing
Define your modeling goals.
| dentify the domain you will model.
Design and create the grid.
Solver execution
Set up the numerical model.
Compute and monitor the solution.
Post-Processing
Examine the results.
Consider revisions to the model.
More information about the Finite Volume Method can be found e. g. in [2].

4 MODELLING THE BURNING VEHICLE AND THE SPRINKLER

The simulation and examination of the results have been carried out with the CFD code
FLUENT 6.1. The mesh was provided by AFC. In the following sections the domain and the
mesh are shown, the used models of the simulation and the settings of boundary conditions
and material properties are presented.

4.1 Domain and mesh of the smulation

Asafirst step the domain of interest has to be defined. It is important to know the physical
conditions like velocity magnitude or temperature at the boundaries. Having chosen the
domain it is divided into small volumes called cells, that are forming the mesh. Figure 4.1
shows a general view of the domain. Figures 4.2 and 4.3 show the mesh from a side view as
well as the mesh on the vehicle, the ground and the glass wall in a view from above,
respectively.

Figure 4.1: Generd view of the domain.
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Figure 4.2: Side view of the mesh.

Figure 4.3 Mesh on the vehicle, ground and glass wall.

4.2 Physical models

During the setup of a CFD-simulation models have to be chosen describing the underlying
physical and chemical phenomena. The choice of models depends on the characteristics of the
considered system. In this case a free buoyancy flow, driven by the thermal heat of the
burning car, is simulated. Heat conduction in the solid glass wall and diffusion as well as
convection in the gas is accounted for. Another important mechanism of heat transfer is
radiation. Both, surface radiation and radiation in participating media are treated. The burning
is a chemical reaction with several gaseous products. The sprinklers introduce liquid water
droplets into the domain. Evaporation and vaporization of the water is considered. The
following sections give a short description of the deployed models. Further details of the
models can be found in [3].

- Free buoyancy driven flow:

For the free buoyancy driven flow the incompressible ideal gas law is used for
calculating the local density. In this law the density only depends on temperature not on
pressure or velocity magnitude. In the glass heat transfer is modeled through
conduction and radiation. In the gas heat transfer also happens due to natura
convection. Turbulence is modeled with the RNG k-e model which is a good choice for
turbulent flows even at low Rayleigh numbers.

Radiation:

Radiation is modeled with the Discrete Ordinate Model (DOM). The glass is defined as
a semi-transparent solid with a constant absorption coefficient. As the absorption
coefficient in the gas phase varies with the local concentrations of the different species
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it is modeled with the Weighted-Sum-of-Gray-Gases model (WSGGM). Here, the
absorption coefficient depends mostly on the concentration of CO2 and H20.
Combustion:

To simulate the burning of the vehicle the Eddy Dissipation Model is used. This model
IS based on the assumption that the overall rate of reaction is controlled by turbulent
mixing.

Multi phase:

To model the liquid water and the phase change through evaporation and vaporization
the Discrete Phase Model (DPM) is used. The water is injected into the domain as
spherical droplets. The diameters of these droplets and their velocities at the injection
locations have to be set. The droplets are injected at 3 sprinkler locations using 3
different diameters, respectively. The sprinklers are positioned 10 cm below the ceiling
at a certain distance in front of the glass wall. The interaction of the droplet with the
gas phase is considered. Figure 4.4 shows the position of the sprinklers.

1? Sprinklers

glass wall

Figure 4.4: Position of the sprinklers

4.3 Boundary conditionsand material properties

Because of the thermal heat of the combustion the flow is driven by natural convection.
The fluid is a mixture of N2, O, CO,, H20 and C4H1o (fuel), the density depends on the
species concentrations and temperature. Absorption of radiation in the fluid is modeled with
the weighted-sum-of-gray-gases model, the local absorption coefficient depends on the local
concentration of CO, and H,O. The semitransparent glass wall absorbs 90% of radiation
along its thickness. The water droplets are injected with a mass flow of 0.28 kg/s for each of
the 3 sprinklers and 3 different classes of diameter, summing up to aflow rate of 50 I/min for
each sprinkler. The sprinklers are activated 4 minutes (240 seconds) after the start of the fire.
Evaporation and vaporization of the droplets are considered. For the combustion a mass flow
of butane is set on the car hood. The mass flow rises with time squared until 56 g/s after 10
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minutes (600 seconds). Then it remains on a constant level. The maximum thermal hest
release istherefore 2.52 MW.

All surfaces of the vehicle except the hood are set to adiabatic walls with constant
emissivities. Ceiling and floors are set to external heat transfer. In the simulation with
sprinklers (see chapter 5) the floor of the parking area is set to a constant temperature when
activating the sprinklers. This is done because of the assumption of a water film on the floor.
One of the sides of the parking area and both sides of the purchasing area are set to walls with
external heat transfer, too. The other side of the parking area, the front and the back planes are
set to pressure outlets with a constant value for pressure. The boundaries are shown in figure
4.5,

external heat transfer /

floor
parking
area

*A

glaswall

pressure outlets

Figure 4.5: Boundaries of the domain.

5 SIMULATION AND EXAMINATION OF THE RESULTS

Two simulations have been accomplished. The first one without sprinklers, the second one
activating them after 240 seconds. In both cases the fire starts immediately. Each simulation is
traced for 60 minutes (3600 seconds) physical time. The progress of the temperature in time
and the differences between the simulations has been of particular interest. For this reason the
temperature at 33 positions in and near the glass wall have been filed. Figure 5.1 shows the
time dependant behaviour of temperature at one position in the glass wall over the time.
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Figure 5.1: Diagram of temperature in the glass wall with (blue) and without (red) sprinklers.

In the second simulation the sprinklers are activated after 240 seconds. In both cases the
maximum heat release has been reached after 600 seconds with 2.52 MW. Figure 5.1 shows a
nearly constant temperature for both cases during the first 300 seconds. Possible reasons are
the low burning power in the beginning of the simulation and the heat conducting through the
glasswhich is slow. After about 800 seconds the cooling through the sprinklers can be seen as
the curve with the sprinkler is less steep.

Figures 5.2 and 5.3 show the temperatures in the middle of the glass wall at the end of the
simulation. In the case with sprinklers the average temperature is about 75 K lower than
without sprinklers. Locally, the temperature with sprinklers near the ceiling is higher than

without sprinklers.
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Figure 5.2: Temperature distribution in the glass wall - case without sprinklers.

Figure 5.3: Temperature distribution in the glass wall - case with sprinklers.

The differences in the temperature fields including the hot spot in the case with sprinklers
can be explained with the 3 dimensional character of the flowfield. Figures 5.4 - 5.7 show the
temperature- and flowfields in a cut through the middle of the domain for both cases. In both
of them the hot gases ascent above the hood and form a hot layer below the ceiling. Without

10
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sprinklers the hot gas can flow to the back of the vehicle taking away thermal energy. With
sprinklers, there are recirculations trapping the hot gases. The hot layer is more flat in this
case and reaches to the glass wall. In addition, the concentration of water vapor is higher
leading to a higher heat transfer through radiation and convection.

Figure 5.4: Temperature distribution on a cut through the domain - case without sprinkler

Figure 5.5: Temperature distribution on a cut through the domain - case with sprinkler

11
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Figure 5.6: Ve ocity vectors on a cut through the domain colored with velocity magnitude - case without
sprinkler

Figure 5.7: Velocity vectors on a cut through the domain colored with vel ocity magnitude - case with sprinkler

Figure 5.8 shows the droplets of the sprinkler in the middle colored by the droplet
diameter. The initial velocity is the same for all droplets. It can clearly be seen that the
droplets with the bigger diameter (and for that with bigger mass) are moving away from their
release deeper into the domain.

12
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Figure 5.8: Water droplets, colored by diameter.

Figure 5.9 shows droplets of the same initial diameter for all 3 sprinklers colored by the
mass of the droplets. The loss of mass through evaporation and vaporization can be seen. The
liquid the water is transferred to the gas phase.

Figure 5.9: Water droplets, colored by mass.

13



Elmar Schnedoch, Michadl Adler and Alois Schalin.

6 SUMMARY AND CLOSURE

The objective of the presented feasibility study was to use a commercial CFD software to
examine a burning vehicle under the influence of a sprinkler system. In addition, the time
needed for such a simulation was of interest. For practical use a time frame of weeks or even
months wouldn’t be acceptable. The results proved that such simulations can be accomplished
on today’s normal Personal Computers (PCs) within a reasonable time frame. To get faster
results the simulations could be performed in a parallel mode on more than one CPU.

Of course, accuracy and reliability of simulations like this have to be checked very
carefully.

As all models used in this case were implemented some time ago, they have shown their
reliability and the results have been compared to measurements at that time for other
applications.

In general, for al simulations three main items have to be considered:

- It has to be checked if the physical models used are adequate for the special

phenomena.

Theright settings of boundary conditions and physical properties is essential.
Validation of the results with measurements and fitting model parameters is necessary
sometimes.

In the simulation presented the meaning of these three items can be explained as follows:

The burning of the vehicle was assumed as the burning of a gaseous fuel. This is quite
a strong simplification of areal car fire. An alternative could be to use more complex
models to represent the combustion. But as each vehicle varies from another e. g. in the
mass of fuel on board, this would not lead to a more general model. Instead,
measurements of released thermal heat and fumes could be used to model a general or
worg case scenario. The data of these measurements could be applied to set energy and
species sources. This would mean an abandonment of combustion modeling. The
simulation would become less complex and could run faster. Injecting liquid water,
evaporation and vaporization have been considered. Unaccounted for was the forming
of aliquid water film on the glass wall and the belonging thermal effects. In this case it
would be reasonable to use a model considering these effects.

The parking area was bordered with a wall on one side and a constant pressure
boundary on the other sides. This can be regarded as a worst case scenario because air
exchange with the environment only occurs due to natural convection. As parking areas
are more or less draughty environments the exchange would be strengthened by forced
convection. This could be modeled assigning a velocity to the sides instead of a
constant pressure. Due to health and safety reasons such parking areas would usually
have forced ventilation resulting in a better evacuation of the fumes and thermal
energy. As shown, the sprinklers have a strong influence on the flowfield near the
vehicle. Parameter studies of sprinklers could help to find an optimized system of
sprinklers. Like the boundary conditions the physical properties should also be
questioned. The value for thermal conductivity for the concrete has been set to a
relative low value. With reinforced concrete the real value would possibly be higher.

14
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Real physical phenomena are often highly complex and driven by small scale
processes. As considering all these effects would be too expensive, (also many details
are unknown so far), models are used in CFD to describe related phenomena. These
models are usually validated with experiments and their range of use is as general as
possible. Nevertheless it can be reasonable to use measurements for calibrating the
models when setting up new types of simulations or reproducing data from literature
for suited cases. The results could lead to a different choice of models or to an
adjustment of the selected models.

In the case of the burning vehicle a validation with measurement and a consideration of the
facts mentioned above would also be reasonable. Thereafter, detail and parameter studies
could be performed to find an optimized system of sprinklers.

In summary this feasibility study has shown, that highly complex problems like a burning
vehicle and a sprinkler system can be simulated with CFD in a moderate period of time. Thus,
CFD is a powerful tool in product development, production and research and is accomplished
in many companies and research facilities. Ongoing development of software and physical
models as well as increasing computing power opens new application areas for CFD.

Nevertheless the results always have to be examined for their plausibility: In common
cases a good technical background will be sufficient where for highly complicated tasks
expert knowledge is still required.
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