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Abstract—The paper is concerned with the prediction of steady-state or transient, three-dimensional
flow and heat transfer in enclosures of arbitrary complexity containing a fire source. The prediction
method is based on a finite-domain solution of the three-dimensional fluid dynamic and heat/mass
transfer field equations, with full effects of compressibility included and with modelling of the
turbulence-buoyancy interactions.

Results are presented for two compartment geometries as demonstrations of the potential of the
method and also as preliminary validation comparisons with steady-state experiments.

Itis concluded that more work is required to validate the model against more experimental results,
and that the successful application of a fully three-dimensional steady-state or transient “field-model”
to fire problems with multiple parameters does not require prohibitively great computer power.

1. INTRODUCTION

The modelling of fire spread within a building presents a formidable challenge for
mathematicians, physicists and engineers. Not only are the underlying physical processes
difficult to model (turbulent buoyant convection, radiative transfer, combustion), but
imponderables such as the location of the fire within the room of origin, the external wind
conditions, and the configuration of each door and window will affect the outcome.

There are two distinct approaches to the problem, known as stochastic and deterministic
modelling. Stochastic or ‘random process’ modelling does not attempt to examine the
governing physical or chemical processes controlling fire but assembles a series of empirically
determined probabilities of a specific occurrence (e.g. flame spread from item to item as a
function of spacing) to form an overall model of fire behaviour. Deterministic models on the
other hand predict fire behaviour for a prescribed situation, effectively the mathematical
counterpart of a laboratory experiment or test.

There are different types of model within these broad classifications, perhaps the most
important difference being between the so-called zone and field deterministic models. Both
solve a series of equations describing the physics of the problem, the difference between them
being in the rigour and generality of these equations. Zone models, the most comprehensive
of which has been developed by Emmons and coworkers [1], rely heavily on experimentally
determined empirical expressions whilst field models, for the most part, do not. Field models
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solve the underlying equations of motion and conservation for the system. The number of
calculations made with this approach is very large resulting in relatively longer computing
times but the model is far more generally valid than the zone model.

The modelling of smoke movement within buildings by the latter approach represents an
important first step towards the longer-term objective of predicting the spread of fire, as well
as being an important end in itself; more than 50% of the fire deaths in the U.K. can be
attributed to smoke. Furthermore, the model would enable various geometrical configur-
ations and conditions to be assessed without the need for expensive and necessarily
incomplete physical model tests.

Such a mathematical model, restricted to two space dimensions, has already been used to
model smoke movement in enclosures [2]. Extensive numerical computations have been
performed for several configurations of interest, and the results showed fair agreement with
what limited experimental data were available. Most experiment data, however, have strong
three-dimensional features and cannot be used satisfactorily for two-dimensional model
development and validation. For the above reasons it is considered imperative to develop
efficient three-dimensional models both for end-use and for validation against existing three-
dimensional experimental data. This paper describes the development of such a three-
dimensional mathematical model and demonstrates its practical capability together with
some comparisons with experiment.

2. THEORETICAL FOUNDATION OF THE MODEL

2.1. The physical problem

The physical problem concerns the movement of combustion products in three-
dimensional enclosures of arbitrary geometrical complexity. In this problem the flow is
dominated by buoyancy and the turbulence serves to promote the rate of diffusion of heat (or
smoke concentration), mass and momentum. Neither radiation nor combustion are included
at this stage, the fire source being represented in the model by a volumetric mass or heat
source. Non-uniform buoyancy forces are allowed to affect both the mean flow and the
fluctuating motions.

2.2. The governing differential equations

The independent variables of the problem are the three components (x, y, z) of a Cartesian
coordinate system, and time (t). The main dependent variables characterising the flow are the
three velocity components (u, v, w), the pressure p, the smoke concentration f or enthalpy h,
the kinetic energy or turbulence k, and the energy dissipation rate &.

All these dependent variables, with the exception of pressure, appear as the subjects of
differential equations of the general form

a
= (p9)+div(pug+Jy) = 5, M)

where ¢ stands for a generic fluid property and p, u, J4, S, are density, velocity vector,
diffusive-flux vector and source rate per unit volume, respectively.
The diffusive-flux J, is given by
J,=—T, grad ¢ (2)

where I’y denotes the ‘effective exchange coefficient of ¢’ determined from the set of
turbulence parameters (k,e), which are themselves dependent variables of differential
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equations of the form of equation (1) [3-5]. The values of ¢, I'; and S, are listed in Table 1,
where
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The turbulence model contains five empirical constants which are assigned the following
values [2]:

C,=144,C,=192,Cp,=009,0,=10,0,=13. (6)
The term ¢ in Table 1 represents a volumetric heat source/sink. The dilation terms have
been ignored. Work with the two-dimensional model [2] proved that they are completely

insignificant in the flows under consideration.
The pressure variable is associated with the continuity equation

ap . _
3 + div(pu) =0 (7)

in anticipation of the so-called pressure correction equation [6] which is deduced from the
finite-difference form of equation (7).

Table 1. Valuesof ¢, ', and S,
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3. METHOD OF SOLUTION

3.1. Formulation of equations

The space and time dimensions are discretized into finite intervals and the variables are
correspondingly computed at only a finite number of locations in four-dimensional space, i.e.
at the so-called ‘grid-points’. These variables are connected with each other by algebraic
equations, derived from their differential counterparts by integration over the control
volumes defined by the above-mentioned intervals. Further details may be found in [6, 7].

3.2. The solution procedure

The procedure adopted for the solution of the equations is the SIMPLEST algorithm [8].
The difference of this procedure from the well-established SIMPLE [6] is that the finite-
domain coefficients of the momentum equations contain only diffusion contributions, the
convection terms being added to the linearized source term of the equations. This practice
was found to eliminate the need for severe underrelaxation of the pressure correction,
particularly for very fine grids, thus accelerating convergence.

For the transient procedure a fully-implicit formulation was adopted. This means that
where any latitude exists at all in the finite-domain equations late-time values are taken. This
formulation has the advantage over explicit or semi-implicit ones that the time step need be
no smaller than that dictated by accuracy requirements.

Further details on the solution procedure may be found in [2, 6, 8]

3.3. Boundary conditions

To complete the mathematical analysis, it is necessary to provide boundary conditions.
For the present problem, there are two types of boundary: solid or free. On a solid boundary,
the non-slip condition on the velocity components is employed. For the energy equation, a
fixed temperature of 293 K is assumed at the outside surface of all walls enclosing the fire
compartment, except for the floor which is assumed adiabatic. The fluxes of momentum and
heat to the walls obey the wall-function relations of Launder and Spalding [9], and the heat
losses through the fire-compartment walls are calculated from given wall conductivity and
thickness and the computed temperature gradients.

For the kinetic energy of turbulence, a zero diffusive flux at the wall is used. For the
dissipation rate, the empirical evidence that a typical length scale of turbulence varies linearly
with the distance from the wall, is used to calculate ¢ itself at the ncar-wall point.

It is realised that with temperature stratification the equivalent of the ‘law of the wall’ is the
Monin-Obukov log-linear profile [10]. However, at present the conventional log law is
employed, as generalized in [9].

The above considerations lead directly to the computation of wall shear stress (z/p),,, and
of the heat flux 4;,
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where subscripts w, P refer to conditions at the wall and at the near-wall point at a distance 6,
respectively. E, x are constants with values 9.0 and 0.42 respectively ; g, is the fluid viscosity;
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and P; is a function of the laminar and turbulent Prandtl numbers, obtained by Jayatillaka
[11] from the study of wall heat transfer data. The value of this function is calculated here to

be —2.95.
The Stanton number is calculated from equations (8) and (9), and is given by:

St =~S—/(1+PJS”2) (10)
al'
where § is the friction factor (S = t/pU3). S
On the free-boundary a fixed-pressure boundary condition is imposed ; the mass inflows
and outflows being an outcome of the solution procedure.

3.4. Initial conditions

For the steady-state, computations start with the solutions of a previous run as initial
condition. When making the first calculation initial velocity fields are deduced from a simple
extension to three-dimensions of the stream function guess described in [2]. The
temperature is set initially by assuming a vertical relationship with height, ranging from 800
K to ambient.

3.5. Physical properties

The fluid viscosity is taken as 1.82 x 103 kg/ms and the Prandtl number as 0.7.

A constant specific heat of Cp, = 1100 J/kgK is used.
The local density is linearly dependent upon the reciprocal of the specific enthalpy:

pCp
P=Th (11)

where R = 287 J/kg K.

4. RESULTS AND VALIDATION

Two distinct compartment geometries have been examined for demonstration and
validation purposes. The first is an enclosed ‘shopping mall’ of ‘L shaped’ geometry, see Fig. 1.
This compartment has been used here largely for demonstration purposes since, although
many data have been obtained in it by Heselden and his coworkers [12], the problems of
measuring hot gas velocity were still unresolved, at the time of the work, and so this aspect of
any validation exercise would remain uncertain.

The second compartment is the roughly cubical room used by Steckler et al. [13] (Fig. 2)
for their more recent, thoroughly instrumented fire experiments. This study gave more data
with which the predictions of the model could be compared. Details of the computations and
comparisons follow.

4.1. Shopping mall

The shop 4 x 8 x 3 m high with an opening onto one side of a mall 16 m long, 6 m wide
and 3 m high contains a heat source to represent the fire (Fig. 1). The coordinate system has its
origin at the left-hand corner of the shop’s floor, with the z-axis directed along the mall. The
implication of this choice on the solution procedure is that it involves what are called
‘repeated z-direction sweeps’ through the integration domain. The whole set of finite-domain
cells is regarded as consisting of one-cell-thick ‘slabs’, extending in the x and y directions, and
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Fig. 1. Schematic diagram of shop and mall—(IX, 1Y, 1Z) are co-ordinate grid nodes defining solution domain.

piled one next to the other in the z-direction. A single sweep therefore starts with attention
being paid to the first z-slab of cells. The finite-domain equations are solved for all the cells in
this slab, the values of ¢’s at the next slab being regarded as known. Attention then passes to
the second slab, and so on, until the adjustment sweep has been completed. At the end of a
sweep, of course, the final solution has not yet been achieved ; so the process must be repeated
until a reasonable degree of convergence is achieved. The structure of the computer program
used allows for such ‘sweeps’ only in the z-direction, and it was decided to perform them in the
direction of the open end of the mall. A solid screen, 1 m deep, is suspended from the ceiling of
the mall, 2 m from its open end. This is to define a smoke reservoir from which extraction
vents may eventually remove smoke. A volumetric heat source simulates the fire by releasing
heat non-uniformly with height as suggested by the recent experimental measurements of
Cox and Chitty [14]. The walls and ceiling are assumed to have a thermal conductivity of 1
W/mK, roughly representative of building brick or concrete together with a thickness of
0.1024 m. The floor and screen are assumed adiabatic.

Both steady and transient computations were performed for either a fixed heat-release rate
of 3.2 MW or for a linearly growing fire reaching this same output at 3 min from ‘ignition’.
The source s distributed over a floor area of 1.6 m?, in both cases, with its back edge located
at a distance of 1.6 m from the rear wall (Fig. 1). For the transient problem not only did the
local heat release vary with height but also the total height increased with time according to
the flame length expression in [14].

Because of the exploratory nature of these computations only one grid, consisting of 1728
control cells (9 x 12 x 16), has been used. Grid-refinement studies are presented for the
second validation case given below. The blocked region in the flow domain (and any other
possible obstacle) is treated by use of ‘cell porosities’ [15]. In this approach, each cell in the
domain is characterized by a set of fractions, in the range of O to 1. These fractions determine
the proportion of the cell volume available for the fluid, and the proportion of each cell-face
area available for flow, by convection or diffusion, from the cell to its neighbour in a given
direction.

For the flow domain of Fig. 1, only porosities of either 0 or 1 are used ; but any complicated
geometry may be represented equally well by use of partial porosities.

Many results were obtained during the present study but space considerations dictate that
only a fraction of these can be presented. Representative predictions with and without the
screen in place are shown for the steady state in Figs 3-9. Figures 3 and 4 show the vertical
and horizontal distributions, respectively, of the horizontal velocity components and of the
temperature rise above ambient. These results are for an adiabatic thermal boundary
condition at all walls. Figure 5 corresponds to the case with finite heat conductances through
the shop walls, as described above ; it represents the Stanton number distribution at the shop

ceiling.
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Fig. 2. Schematic plan view of Steckler’s room with instrumentation.
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The remaining figures are devoted to perspective plots of temperature and velocity vectors.

The main variables presented are the horizontal components of velocity (u, along the x-

direction and w, along the z-direction), and the temperature rise above the ambient. Figure 3

presents the vertical distribution of these variables at two selected locations, namely at the

shop entrance (x = 8.75 m, z = 1.5 m) and midway down the mall (x = 11.75m, z = 6.5 m).
Figure 4 shows the horizontal distribution of the same variables at near-floor (y = 0.25 m)
and ceiling (y = 3.0 m) levels. The near-floor temperatures are not shown since they are
always ambient.

Inspection of the above figures reveals the expected trends of high-temperature gases near

the ceiling moving at around 2 m/s, with fresh air entering the system at ground level at
around 1 m/s. There is clearly a strong horizontal velocity gradient across the mall due to the
right-angled bend through which the gases turn.
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Fig. 3. Vertical scans of temperature and horizontal component of velocity.
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Fig. 4. Horizontal scans of temperature and horizontal component of velocity.

The results also show that the screen has the expected effects of increasing the hot gas
temperature and reducing its velocity in the predominant flow direction.

High levels of turbulence viscosity (around 2000 ;) are also predicted here as in the two-
dimensional work [2].

Results have also been obtained for finite heat conductances through the shop walls, but
still with adiabatic conditions in the mall. A plot of Stanton number, calculated according to
equation (10), at the shop ceiling (y = 3.0 m) is shown in Fig. 5, for the case with the screen in
place.

It is worth noting that the maximum heat losses occur in the x = 0, z = 0 top corner,
reflecting the-experimentally observed tendency of the source plume to be drawn towards
these walls. Figure 6 presents, in perspective view, surfaces of equal temperature (T = 673 K),
over all x, y and z planes, for both cases (note that these plots are mirror images of Fig. 1, with
different degrees of rotation, for clarity of viewing). The significant effect of the screen is
immediately obvious. The top view of the same surfaces is also presented in the same figure.
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Fig. 5. Stanton number distribution at the shop ceiling.
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Fig. 6. Surfaces of equal temperature (T = 673 K) over all x, y and z-planes. (a) With screen in place. (b) Without
screen.

Figure 7 presents velocity vectors as viewed from the side of the mall, at an x-location
corresponding to 80% of the domain width.

For both cases, cold air is entering the mall over about 80%; of the exit, and hot air leaves
the mall at the top, at high speeds. For the case with the screen in place, it is clear that the
gases turn because of the presence of the vertical screen; and also the effect of the screen in
reducing the velocity in the predominant flow direction. Figure 8 presents velocity vectors,
for the case without the screen, as viewed from the front of the system, at a z-location
corresponding to 109 of the total length. The effect of the source on the velocity field is very
pronounced and high velocities of around 5 m/s are observed in its vicinity.

Fig. 7. Side view of velocity vegtors {x = 0.8, normalized). (a) With screen: maximum velocity is 3.9 m/s. (b)
‘Without screen : maximum velocity is 4.4 m/s.
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8

Fig. 8. Front view of velocity vectors (z = 0.1, normalized ) no screen.

Figure 9 presents, in perspective view, plots of streamlines, and velocity vectors for the case
with the screen in place. The streamline plots show the paths of fluid particles originating at
particular locations. Ten equally spaced paths are shown originating at a line with
normalised coordinates (0.5, 0.1, 0.99) and (0.99, 0.1, 0.99).

The presented results reveal that the general patterns predicted are physically correct and
qualitatively realistic. It can be concluded, for example, that the effect of a design change such
as placing a vertical screen at the mall is significant in determining the smoke spread and
removal.

As a demonstration of the capability of the transient mode of operation, Fig. 10 shows the
development of the 100°C rise temperature surface with time. At 20 s from ignition the 100°C
surface surrounds the source and has just started to spread under the ceiling. By 30 s it has
reached into the mall and is just turning the right-angled bend. At 50 s the screen has almost
been reached and by 70 s the surface can clearly be seen to have come down nearer the floor
and to dip down under the screen.

4.2. Room fire

The model was used in the stcady state mode to predict conditions in Steckler’s [13] room
fire experiments (see plan view, Fig. 2). The compartment is 2.8 m square by 2.18 m high. On
one face is situated a doorway opening 1.83 m high by either 0.74 m or 0.99 m wide in these
comparisons. A steady volumetric heat source of output ranging from 31.6 kW to 158 kW
was situated at the centre of the room covering a floor area of 0.09 m?. Heat release was again
varied with height according to the relationships of Cox and Chitty [14].

(b}

Fig. 9. Velocity vectors and streamlines for the case with the screen in place. (a) Velocity vectors at two x-z
planes (y = 0.15 and 0.8, normalized). (b) Streamlines starting at (0.5, 0.1, 0.99) and finishing at (0.99, 0.1, 0.99).
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Fig. 10. Spread of smoke with time.

An adiabatic boundary condition was used at the walls since some effort had been made to

minimise wall losses in the experiments. Several grid meshes were employed to test sensitivity

of the solutions to grid refinement.

Figure 11 shows predicted temperature and w-velocity component on the centreline of the
doorway opening for three meshes of 1872, 2340 and 6270 nodes. Although some differences
do result the effects can be seen to be quite small. Typical comparisons of predictions of
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Fig. 11. Doorway centreline velocity and temperature profiles—efect of grid refinement.
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Fig. 12. Doorway velocity and corner temperature profiles.

velocity and temperature with experiments for the 63 kW fire are shown in Fig. 12 using the
coarse (13 x 12 x 12) grid. The agreement can be seen to be reasonably satisfactory with
small differences emerging in the velocity field just beneath the doorway soffit and also in the
temperature gradient between hot and cold layers.

Of considerable interest to overall comparisons with traditional treatments and with
simpler zone models is the overall mass efflux at the doorway. Figure 13 shows predictions of
the present code (JASMINE) using the 13 x 12 x 12 grid together with those of the Mark V
version of the Harvard zone model quoted by Rockett [16], and the experimental
measurements. Both models predict the correct trend with increasing heat release rate but the
field model can be seen to be more accurate in this comparison.

5. CONVERGENCE AND COMPUTING REQUIREMENTS

Convergence was easily obtained for all cases, using under-relaxation on all variables. The
relaxation employed was of the ‘false time-step’ type, which adds a ‘false-transient’ term into
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Fig. 13. Comparison of Steckler’s data with predictions of field and zone models.
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the finite-domain equations. The ‘false time-step” used was of the order of the fluid ‘residence
time’ in the smallest cell in the domain. Between 300 and 500 sweeps were required to obtain
convergence from the initial guesses outlined above for the steady-state cases, depending on
grid-size and heat output used. Approximately 10 sweeps per time step were sufficient to
obtain convergence at a time step for the transient runs. A time-step of 1 s was used.

The importance of the initial guess on the number of sweeps required for convergence
cannot be overemphasized. Thus, the run with the vertical screen in place, using as initial
conditions the solution without the screen, required only 100 sweeps of the domain for full
convergence. ~

The program has been run on a variety of mini-computers (Perkin—Elmer 3220, Prime 550
and Vax 11/780). The runs for the shopping mall were performed on the Perkin-Elmer
machine. Run times obviously depend upon the number of cells and time steps in the problem
and the number of sweeps of the domain to procure convergence. On this machine the CPU
time required per cell, per sweep, per variable was approximately 4.2 ms. The program
operates at different levels of dynamically-allocated storage for variables, from all in-core to
fully out-of-core. The minimum core size required for the 9 x 12 x 16 grid was 260 kilobytes,
of which 50 kilobytes was for the storage of variables, with the remainder taken by the
program object code. The out-of-core variables amounted to 166 kilobytes.

The room-fire runs were performed on the PRIME 550. On this machine the CPU time
was approximately 5.3 ms/sweep/cell/variable or approximately 5 h for the (13 x 12 x 12)
grid, requiring 300 sweeps to procure convergence for the steady state.

6. CONCLUSIONS

The objective of the work was to establish the feasibility and practicability of three-
dimensional field modelling of strongly buoyant, recirculating flows in realistic geometries.
This objective has been accomplished, and the results of a first application of the model
indicate the correct trends. Results from the two-dimensional work [2] showed reasonable
agreement with two-dimensional experimental data, but data from two-dimensional
experiments are scarce and insufficient to test the approach adequately. The present model
will allow the rigorous validation with the wide body of three-dimensional data available
from full-scale experiments. Some comparisons of grid-independent results with experiments
have been presented, and appear satisfactory. Current effort is directed towards further
validation. Furthermore, grid-independent results were obtained within reasonable com-
puter resources, requiring modest storage and few hours on a minicomputer.

The choice of an implicit scheme for treating time-dependent fire phenomena is a
desideratum. Since typical time scales are of the order of 1 s [17], a conflict would arise
otherwise between the small time steps essential for converging explicit schemes and the
longer time required to time-average the fluctuations in the flow.

Experience of the validity of the turbulence model in dealing with these strongly buoyant
flows is particularly needed. Once confidence has been established in modelling these
phenomena the model can then easily be extended to encompass radiation transfer and
combustion modelling.

Successful validation will allow this approach to determine suitable smoke control
measures on building types not specifically covered by existing regulatory codes, as for
example, prison buildings, atrium hotels, etc, which require specialist advice.

Acknowledgement—This paper forms part of the work of the Fire Research Station, Building Research
Establishment, Department of the Environment, UK. It is contributed by permission of the Director, Building
Research Establishment.
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