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SUMMARY

A three dimensional computational fluid dynamics model for the simulation of fire is presented.
The model solves the governing partial differential equations for continuity, momentum, and
energy using the control volume formulation. Turbulence is modeled using the k-&epsiv;model and fire
is described as a heat source.

The above model has been used to simulate fire inside an enclosure. The results of studies on
the fire location, size of the compartment opening and existence of internal objects are
presented. The predictions obtained are compared with experimental data and found to be in
reasonable agreement.

INTRODUCTION
Mathematical modeling offers an economi-
cal and accurate approach for the prediction
and study of fire and smoke spread. The
fundamental conservation equations for heat,
momentum and mass are solved numeri-

cally to simulate the evolution of fire and its
characteristics. Two basic methodologies
are used for fire simulation: zone and field

modeling. In zone models, the fire room is
divided into a number of zones, a hot upper
layer and a cooler lower with uniform gas
properties in each zone. Ordinary differen-
tial equations expressing conservation of
mass and energy are applied to each zone
and solved numerically. These equations
employ empirical relationships and constants
obtained from experiments, therefore, zone
models can only be used for problems that
lie within the range of experiments used to
derive the equations’. On the other hand,
field models, solve the fundamental partial 1
differential I equations for conservation of

mass, momentum and energy numerically
with minimum empiricism and therefore,
they can be applied to a variety of problems
with minor modifications.

A number of field models have been devel-

oped and used successfully for fire simula-
tions. One of the first fire field models is

JASMINE2.;¡. It is based on the commercial
code PHOENICS and uses the semi-empiri-
cal k-E model for turbulence and the eddy-
dissipation concept to model combustion.
The model was validated using experimen-
tal data and was applied to simulate fires in
tunnels, hospitals and shopping malIS4,5.

Another field model used for fire simulation
was developed by Ku, Doria and Lloyd6. It
is based on the general two-dimensional
model UNDSAFE and was used to predict 2-
D flow in corridors. In this model, turbu-
lence is approximated using an algebraic
model. Measured floor temperatures were
used as input to the computer runs. Two-
dimensional flow in enclosures with a num-
ber of different thermal I boundary condi-

tions were accounted for successfully.

The model UNDSAFE was extended to 3-D

by Satoh7.H. In this model, combustion is

approximated by a heat source, linearized
at the time beginning and no turbulent model
is employed. The model was used to study
flow in high-rise buildings and fire behaviour
around windows and vertical exterior walls.
Fires in aircraft cabins were also studied9.

Hollen et al.l° developed another field model,
KAMELEON. This model uses the remodel
for turbulence, the Discrete Transfer Model
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for radiation and a soot model based on the

eddy-dissipation concept combustion. The
3-D model was validated using experimen-
tal data for both compartment and pool fires.
Stable calculations were performed for dif-
ferent combustion cases.

Another field model is FLOW3D, developed
at HARWELL Laboratories, U.K. 11. This model
was used to simulate the King’s Cross fire,
predicting successfully the &dquo;trench effect&dquo;
which was also observed experimentally.

Other field models for fire simulations have
been developed by Nlorita, Oka and Hirota 12,
Joh, Mashiege and Sugawa’3, Kaplan and
Organ&dquo; and Chowis.

The mathematical model presented in this
work is being developed at the National Fire
Laboratory of the Institute for Research in
Construction, National Research Council of
Canada (NRCC). The model is based on a

computer model developed by Lai 16,17, spe-
cifically for the simulation of industrial fur-
naces and burners, as well as a 2-D model
developed by Hadjisophocleous 18 for com-
partment fire simulations. Lai’s model has
been extensively modified so it can be used
for room fire simulations following the pro-
cedures used ins.

The objective of this work is the develop-
ment and validation, using full scale experi-
mental data, of a fire model that can be used
for compartment fires, pool fires, fires in

atria and fires in rooms with multiple ob-
stacles. This paper presents some valida-
tion tests for compartment fires, as well as,
results of a fire simulation in a room with
an obstacle between the door and the fire.

MATHEMATICAL MODEL
The unsteady, turbulentfree, convective flows
and heat transfer resulting from fire in a
compartment is modeled using the funda-
mental differential equations of mass, mo-
mentum and energy. Independent variables
are the position (x, y, z) in cartesian coor-
dinates and time. Dependent variables are
the components of velocity (ii., v, w), pres-

sure P, enthalpy h, turbulent kinetic energy
k, and energy dissipation rate E. Auxiliary
variables are the density of species p , effec-
tive viscosity J.1.,(J.1., = J.1¡ + tI¡ where ~c~ is the
laminar viscosity and ki, is the turbulent

viscosity), and temperature T (derived di-

rectly fi-om the energy equation). These equations
are:

Mass

Momentum (2)

Energy (5)

where
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These equations can be written in the general
form

where @ represents the dependent variables,
r the effective exchange coefficient of O and
8<1) the source terms.

Turbulence Model

To complete the set of equations, the stress
terms and heat flux require a transport law.
For the laminar case, this is covered by the
usual molecular equations. But the fire

phenomenon is turbulent in nature, and a
turbulence model is needed. Because of its
wide applicability and simplicity, the k-E
model 19,2 was chosen. This model adds two
more differential equations: one for the
turbulent kinetic energy, h, and one for the
energy dissipation rate, E. The first one

governs the distribution of the local turbu-
lent kinetic energy of the flow while the
other governs the dissipation of the local
energy. The two equations are,

The turbulent viscosity is associated with
the turbulent kinetic energy and dissipa-
tion rate by

Buoyancy modification through the use of
the term, On, in the source term of the 7z-
E equation is essential for modeling com-
partment fire. In stable stratification, the
term G13 increases the potential energy and
reduces the turbulent mixing, while in un-
stable stratification, it enhances turbulence.As
the shear layers for this problem are verti-
cal, the Richardson number becomes very
small and can be neglected. The source term
for the - equation can be written as,

Based on this assumption, the empirical
constant C3 gets eliminated from the equa-
tion. The other empirical constants, Cl, C2,
C are given in Table 1, together with the
wall integration constantE and the von Karman
constant B’which are used in the application
of the boundary conditions..

Table 1. ..



42

Boundary Conditions

The problem considered required the appli-
cation of three different boundary condi-
tions : wall, free and inlet.

Wall Boundary Conditions

The walls are considered no-slip and adia-
batic. Therefore, on the wall

The large gradient of viscosity next to the
wall results in a large variation of the flow
properties. As well, the Reynolds number
can become small and the viscous effects

can predominate over turbulence. Since
most of the flow domain is surrounded by
walls, the wall boundary conditions are very
important. The accurate prediction of these
properties requires a system of very fine
meshes in the wall vicinity, resulting in
rigorous calculations. An alternative approach
is to use the wall functions, which provide
a relationship between the grid point, the
surface condition and the wall shear stressses.
In this work, the logarithmic law proposed
by Launder and Spalding’9 is used.

For the rn07nentum equations, the velocity
components on the wall are zero and the
diffusion coefficient is given by:

wh ere

For the enthalpy equation, the above equa-
tions take the following form,

For the turbulent kinetic energy equation,
the diffusion coefficients defined for the

momentum equations are used.

For the energy dissi.pation equation, wall functions
are not used. The value of s is calculated directly
from the equation (after manipulation of

the corresponding source term) as inz°,

Inlet Boundary

For the inlet stream, the boundary condi-
tions ensure that the temperature, pres-
sure, and velocities in the inlet control vol-
umes are equal I to the ones s defining the
stream

and

where

I = constant with values between
0.02 and 0.05

ll.*= the area average inflow velocity
I = fraction of the inlet dimension

Free Boundary

On the free boundary, pressure is set equally
to the ambient pressure and the derivative
of the velocity components normal to the
free surface is set to zero, permitting the
flow to enter or leave the computational
domain. For outflow, zero normal gradient
conditions are imposed for all equations,
while for inflow, the temperature, turbu-
lent kinetic energy and dissipation rate are
set equal to the corresponding ambient
values (the equations constants were cho-
sen as I = 0.03 16 ). Therefore, for a boundary
on a plane perpendicular to the x-axis, we
have:

for inflow and outflow (19)
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for outflow (20)

for inflow (21)

Initial Conditions

At the beginning of the simulation, all ve-
locities are set to zero and temperature and
pressure are set equal to the ambient con-
ditions. The effective viscosity is assumed
to be equal to the laminar one and turbulent
kinetic energy and dissipation rate are set
to small values (1x10-9). To avoid divergence,
the heat source was applied linearly with
time, from zero up to its maximum value.

NUMERICAL PROCEDURE

The closed set of equations, given in the

previous section, is solved numerically us-
ing the control volume formulation. The

computational domain is divided into a number
of rectangular cells, the control volumes.
All scalar variables are located at the geo-
metric centre of these control volumes, while
velocity components are located at the con-
trol volume faces.

The governing equations are integrated over
each control volume resulting in a set of

integral balance equations. These are trans-
formed into linear algebraic equations us-
ing the hybrid scheme for the interaction
between convection and diffusion, and for-
ward differencingfor the unsteady term (central
differencing was used for the spatial gradi-
ents of all variables). A fully implicit scheme
for the time derivative was employed.

The resulting set of algebraic equations have
the general form,

where the source term has been linearized
and h are all the neighboring points.

The velocity and pressure fields are linked
together using the SIMPLE algorithm21.

The solution sequence is as follows,

~ Solve the momentum equations. Obtain
new values for u, u, r.v.

~ Solve the pressure equation. Obtain pres-
sure corrections.

~ Update u, v, w, and P using the pressure
corrections.

~ Solve enthalpy equation and obtain h.

~ Calculate temperature T using the com-
puted enthalpy h.

~ Calculate density using the ideal gas equation
(use T, P obtained before).

~ Solve h-E equations.

~ Calculate new value for viscosity (based
on p, k, E).

~ If error is larger than a specified conver-
gence criterion, go back to the first step,
if not proceed to the next time step.

The equations are solved using the tridiagonal
matrix algorithm (’1’ D lYI A Fl. Each equation
is solved using a number of inner block

iterations, sequentially in all three direc-

tions (x, y, z). Under-relaxation is employed
to improve convergence.

RESULTS

To test the predictability of the model when
used for compartment fire simulations, the

predictions are compared with experimen-
tal data obtained by Steckler‘’‘’~’’3. Steckler
carried out a series of compartment fires

using various configurations. These experi-
ments have been also used as reference by
other researchers2.8.15.

The room simulated is 2.8 m square with a

height of 2.18 m (Figure 1). Calculations
were performed with both door and window
openings. After several runs, the number of
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Figure 1: Three dimensional view of the fire compartment.

cells within tbe room chosen 20x20x10. To
allow the complete development of flow at
the opening, the computational domain was
extended outside the room, resulting in a
34x34x10 grid configuration. Because of the
anisotropy of flow, a uniform grid system
was used.

The heat release rate used in the experi-
ments was 62.9 kW. To estimate the amount
of heat lost by radiation and convection to
the room boundaries, the heat convected by
the gases out of the room was calculated and
found equal to 60.9 kW. This value was then
used in the numerical simulations.

The code is written in FORTRAN and calcu-
lations were performed on a Silicon Graph-
ics Workstation. A time step of 1 second was
chosen and 35 iterations were sufficient for
each time iteration for convergence (with 2
inner block iterations for- each equation).
Steady state was achieved after 90 sec.

Com parisons with Experiments

Two sets of data were used: one for a room
with a door and the second with a window.

Room with a Door

For this simulation, the door is located at
the centre of the east wall, while the fire is
located on the floor next to the west wall.
The dimensions of the door are: height 1.83

m and width 0.74 m. Figures 2, 3 and 4

depict the temperature contours at 5, 10
and 60 seconds respectively. At time t = 5 s

the hot plume moves up from the heat source,
reaches the ceiling and starts moving along
the ceiling towards the door. At t = 10 s, the
hot gases reach the opening, while at t = 60
s, the flow is completely developed. At this
time, the temperature at the heat source
position is 1000 K. The hot gases exit from
the upper part of the door going upwards,
while the negative pressure developed in-
side the room draws cold air from outside

through the lower part of the opening. The
temperature fields for three orthogonal
(y-z) planes (at the heat source, in the middle
of the room, and outside the room) are shown
in Figure 5. The symmetrical rise of the
heated gases is clearly evident in the first
plane, while at the middle of the room the
two layers, cold and hot, are clearly distin-
guished. Figure 6 shows the velocity vectors
for the middle x-y plane. At steady state (af-
ter 90 s) the flow rate of the hot gases out of
the room was computed equal to 0.625 kg/s
while the one measured in the experiments
was 0.584 kg/s.

Figures 7 and 8 give a comparison between
the predictions and experiments for the ver-
tical temperature and velocity profiles at
the door. The values used are average val-
ues at each height. The temperature near
the floor is equal to the ambient tempera-
ture and remains constant for about half
the height of the door. At the top of the door,
the predicted and the experimental tem-
peratures compare well. Near the bottom of
the hot layer, the model seems to over-pre-
dict the temperatures. This is attributed to
radiation losses from the hot gases that are
not accounted for in the model. The pre-
dicted velocities are very close to the mea-
sured ones in both the inflow and the out-
flow regions. The predicted neutral plane is
at almost the same height and the predicted
maximum velocity is slightly smaller than
the measured one.

Figure 9 shows a comparison between the
predicted and experimental horizontal ve-
locity profiles at the door at an elevation of
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Figure 2: Temperature contours for the door case, with
burner located at the inside corner at time t=5 sec (middle x-
y plane).

Figure 3: Temperature contours for the door case, with
burner located at the inside corner at time t=10 sec (middle
x-y plane).

1. 7 m. The model fails to predict the velocity
peaks near the door edges that are observed
in the experimental data. This can be at-
tributed to the fact that only 9 grid points
in the horizontal planes were used at the
door.

A comparison of the vertical temperature
profiles 0.3 m inside the room and 0.3 m
from the side-wall, is shown in Figure 10.
The model can not predict accurately the
high tmeperature gradients between the upper
and lower layers.

Figure 4: Temperature contours for the door case, with
burner located at the inside corner at time t=60 sec (middle
x-y plane).

Figure 5: Temperature contours for the door case, with
burner located at the inside corner for three z-y planes of the
domain (t=60 sec).

Room with a Window

For this simulation, the room has a window
opening, located at the centre of the east
wall, 0.45 m from the floor. The dimensions
of the window are: height 1.38 and width
0.74 m. The fire is located on the floor near
the west wall and its intensity is 62.9 kW.
At 60 s, the flow is fully developed and is
depicted in Figure 11 (temperature field)
and Figure 12 (velocity field) for the middle
x-y plane. The mass flow rates through the
opening are lower than for the door sce-
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Figure 6: Velocity vectors for the door case, with burner
located at the inside corner.

Figure 8: Comparison of predicted and experimental vertical
velocity profiles at the door.

nario, resulting in higher temperatures in
the room. The mean flow rate in and out of
the room is 0.494 kg/s.

Figures 13 and 14 give a comparison be-
tween the predictions and experiments forvertical
velocity and temperature profiles at the window.
The results are similar to the ones described
for the door. The predicted velocity profiles
are very close to the experimental ones,
while the temperature profile is slightly
different due to the lack of modeling radia-
tion.

Figure 7: Comparison of predicted and experimental vertical
temperature profiles at the door.

Figure 9: Comparison of predicted and experimental hori-
zontal velocity profiles at the door.

Other Simulations

A number of other simulations have been

performed to investigate the effect of the
fire location and obstacles in the room on
the flow characteristics. For these simula-

tions, the opening used was a door and the
heat source was set equal to 60.9 kW.

Figures 15 and 16 show the temperature
contours and velocity vectors, respectively,
when the fire is located near the door. Al-

though most of the hot gases leave the room,the
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Figure 12: Velocity vectors for the window case (middle x-y
plane).

hot layer in the room is thicker than when
the fire is located at the far side from the
door. This happens because the fire blocks
the flow of fresh cool air into the room. For
this case, comparison between experimentsand
measurements for the temperature and velocity
profiles at the door are shown in Figures 17
and 18. -

Figure 19 shows a comparison of the velocity
profiles with the fire located at three different
positions inside the room (next to the west
boundary, in the middle of the room and
next to the door).

Figure 13: Comparison of predicted and experimental
temperature profiles at the window.

A simulation was performed to investigate
the effect of internal 1 objects on the flow
inside the room. This configuration is of
interest because it is encountered in many
areas such as warehouses and engine rooms.
Figure 20 and 21 show the velocity vectors
and temperature contours of a 2-D simula-
tion in which the obstacle is located in the
room between the door and the fire. As it
can be seen from the figures, the presence
of the obstacle enhances the mixing of the
two layers resulting in a thicker hot layer,
hence an increase of the life-threatening
conditions in the room. The mass flow rate
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Figure 14: Comparison of predicted and experimental
velocity profiles at the window.

Figure 16: Velocity vectors for burner located near the door.

of air entering the room is less than when

compared to the case of no obstacle by about
15 percent. The same problem was solved in
3-D and the results are shown in Figures 22
and 23 for two x-y planes, one next to the
internal object and the other in the middle
of the room. It can be observed that the cold
air does not pass over the top of the object
(as in the 2D case), but rather goes around
it. Figure 24 shows the temperature con-
tours for the same simulation for three z-y
planes, one right at the fire location (next to
the wall), one in the middle of the room (and
therefore in the middle of the internal ob-

Figure 15: Temperature contours for burner located near the
door.

Figure 17: Comparison of predicted and experimental
vertical temperature profiles at the door.

ject) and one right outside the door. The
figure shows that the flow is still symmetri-
cal but the hot layer is thicker than that of
the case without the obstacle.

SUMMARY
A field model is introduced, complete with
the detailed description of its fundamental
equations, turbulence model, boundary and
initial conditions and solution algorithm.
To demonstrate some applications, a num-
ber of simulations have been carried out to
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Figure 18: Comparison of predicted and experimental verti-
cal velocity profiles at the door.

Figure 20: Temperature contours for door case with internal
object and burner located at the inside corner.

investigate the effect of the opening, fire
position and internal objects. The predicted
results show that:
~ The model can predict compartment fires.

~ The size of the opening affects the mass
flow rate in and out of the room, which,
in turn, affects the room temperature
and the height of the hot layer.

~ Fire location has a significant effect in
the development of flow inside the room.
The closer the fire is to the opening, the
higher the room temperature.

Figure 19: Predicted velocity profiles at the door for various
fire locations.

Figure 21: Velocity vectors for door case with internal object
and burner located at the inside corner.

. Internal objects may have a significant t
effect on the flow characteristics and the
room temperature depending on their lo-
cation and size.

Further work is required now to validate
the model for a variety of fire sizes, com-
partment geometries, internal object posi-
tions and sizes and to model radiation and
combustion. Future work will also include
more comparisons to experimental data, es-
pecially for pool fires, fires in atria and
rooms with multiple internal objects.
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Figure 22: Temperature contours for door case with internal
object and burner located on the floor near the middle of the
west wall on two x-y planes. (a) Above, plane next to the
obstacle. (b) Below, plane in the middle of the room.

Figure 23: Velocity vectors for the door case with internal
object and burner located on the floor near the middle of the
west wall on two x-y planes. (a) Above, plane next to the
obstacle. (b) Below, plane in the middle of the room.

Figure 24: Temperature contours for door case with internal
object and burner located on the floor near the middle of the
west wall at three z-y planes.
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