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SUMMARY
This paper considers the extension of fire field modelling to include fire-sprinkler interaction. Both Lagrangian and Eulerian techniques used to model a second particulate phase
are briefly outlined. The latter modelling approach is extended to develop a model to simulate fire-sprinkler interaction. Two initial scenarios are briefly highlighted. Computer hardware requirements for this technique are also discussed. It is suggested that parallel computing techniques offer an affordable and viable means of meeting these needs.

INTRODUCTION
Over the past ten years, the use of field modfor the numerical simulation of nonspreading fire has seen a growth in popularity.
This is due in part to the versatility of the technique which it derives from its fundamental
approach and minimal use of empiricism.
Successful applications of this technology
include aircraft cabin2, sports stadia3, hospital
ward4, airport terminal5 and underground station6 fires. In its simplest form the fire field
model involves the simulation of transient,
three-dimensional, turbulent, buoyant flows.
Simulations of this type have the ability to predict the spread of fire hazards such as heat and
smoke within an enclosure subjected to fire.

ellingl

These models are now able to provide us with a
clearer understanding of the complex processes
governing compartment fires. In comparison,
the equally important area of fire suppression
has not received as much attention and thus
remains in a relatively primitive state of devel-

opment.
In order to efficiently combat fire, it is necessary
to understand the nature of the interaction

between the hot combustion products and the
liquid water. Armed with this knowledge, fire
engineers are able to optimise the design and
location of sprinkler devices. Factors which
need to be considered include water flow rate,
spray pattern, droplet size and the number and

location of sprinkler heads. Furthermore, issues
such as whether or not the compartment is
vented can influence the effectiveness of the
sprinkler system. It is the aim of this paper to
describe how the fire field modelling technique
can be expanded to address these issues.

FIRESPRINKLER MODELLING

BRIEF SURVEY

OF

The study of fire-sprinkler interaction can be
divided into the investigation of two main physical phases and their interaction. These are the
gas phase, involving the general fluid circulation of the hot combustion products within the
compartment, and the liquid phase, representing the evaporating water droplets which have
been injected into the fire compartment through
the sprinkler orifice.

The processes governing the interaction between
the two phases have been studied extensively.
During a series of experiments Rasbash7 studied
the effect of water sprays on fires in order to
define the mechanism of extinction. Empirical
relationships were determined from this study to
evaluate heat transfer between the water sprays
and flames. The effect of the interaction between
sprinkler sprays and a smoke layer beneath a
ceiling was studied by Bullen8. He explained
why the effect of smoke logging occurred in certain situations with respect to the drag force to
buoyancy ratio. However, the cooling effect of the
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water spray

the smoke layer, not considered
studied
by Bullen,
by Morgan9. He devised a
model to describe the interaction between the
spray and the smoke layer, taking into account
the heat removed from the layer and the drag
force of the spray.

and

on

cooling.

was

A considerable amount of research has also
been invested into the characteristics of sprinkler systems, such as their thermal response
and measured by the Response Time Index
(RTI) 1°. The index is a product of the thermal
time constant of the heat-responsive element of
the sprinkler system and the square root of the
associated gas velocity.

‘Based on these fundamental research studies,
PC-based computer packages have been developed to aid the understanding of the development of the fire conditions. Evans and Stroupll
produced the computer model DETACT-T2 capable of calculating the time required for a ceiling
mounted heat and smoke detector to respond to
a growing fire. A
recently published package
FPETOOL12 is a further example of computerised engineering equations and models. It
addresses problems related to the fire development and the resulting conditions within a

building, including

means of calculating activation of sprinklers and detectors.

A

complete approach which takes into
gas-liquid interaction is
possible by incorporating the fundamental relamore

Particulate gas-liquid and solid-gas flows form
class of two-phase flows, and are usually
referred to as dispersed flows. Fire-sprinkler
interaction falls into this class of analysis.
one

A model developed by Gardiner13, which he
describes as a quasi-zone-field model, is capable
of describing the interaction between sprinklers
and the thermally buoyant layers of fire gases.
It is a three-dimensional, steady-state model
which takes into account the geometry of the
compartment and the position and characteristics of the sprinkler head(s). However, some
quite restrictive assumptions were made for the
development of the model. Firstly, it was
assumed that a fire is positioned within a long
straight corridor. This enabled idealised buoyancy profiles to be fitted further along the corridor where the sprinklers were assumed to be
located. The fire gases are assumed to be at
steady-state, hence no account can be made of
fire growth or suppression. From this basis the
droplets are released into the compartment,
their trajectories calculated and allowed to
interact with the gases. The results are then
able to show the complete physical and thermal
histories of the spray including the number of
drops which halve evaporated or hit the boundaries. More importantly, the effect on the smoke
layer can be seen as the spray passes through it.

account the details of

tionships

which govern fluid behaviour. These
enable the modeller to describe details and
investigate scenarios which are not readily
accessible to the established models, such as
time histories of temperature variations
throughout the fire/sprinkler compartment, the
movement of droplets injected through the
sprinkler nozzle, and the behaviour of the gasliquid medium in the presence of compartment

openings.
The simulation of fire-sprinkler interaction falls
into the category of multi-phase processes. Twophase, and multi-phase flow in general play an
important role in a wide range of environmental, industrial and engineering disciplines.
Typical examples are fluidisation, sedimentation, air and water pollution and spray drying

The interaction between fire-induced air flow
and water sprays can also be dealt with using
two distinct approaches as extensions to the
field fire model. One method treats the fluid
phase as a continuum and the particulate
second phase as individual particles. The
momentum and transport of these discrete particles are calculated using a derived system of
differential equations from the basic laws of
mass conservation and thermodynamics. Within
this system the gas phase is treated as a continua, with the particles being assumed to be finely
dispersed. The effect that the particles have on
the gas phase is taken into account by introducing appropriate source terms in the gas phase
conservation equations. This technique known
as the Lagrangian or particle tracking method,
was first reported by Migdal and Agostal4, who
applied it to describe the dynamics of gas-parti124

cle systems in one-dimension.
A two-dimensional extension to their work was
carried out by Crowe et al. 15 and is known as
the particle-source-in-cell (PSI-Cell) model. This
model has successfully been applied to simulate
a variety of processes including: spray drying,
electrostatic precipitator, cyclone separators,
combustors, and coal-fired furnaces. However,
the technique is limited to low-turbulence, lowdroplet-concentration situationsl6-1s. This last
restriction is primarily due to the significant
computational effort required in calculating
high-droplet-concentration flows.

With respect to fire-sprinkler modelling early
notable work using particle tracking was carried out by Alpertls-21. These models utilised an
extended version of the computer code TEACHT22. The modified version could model gas
droplet flows in two dimensions and took into
account all three modes of gas droplet interaction. The droplet trajectories and size and temperature histories were obtained by integrating
the equations of motion for each of the droplets
within the gas phase using expressions for the
interface mass and heat transfer rates. The
droplet velocities, size and temperature along
the trajectories were calculated using the

Lagrangian approach.
This approach has also been adopted by Chow
and Fong23, 24. They developed their own three
dimensional transient field fire model in which
they built into the capability of two-phase interaction using the PSI-Cell technique. However,
as yet they considered only momentum and heat
coupling between the phases as the effect of
evaporation is much smaller than the convective part. The sprinkler discharge pattern was
simulated as a constant hollow cone which was
assumed to be unaffected by the air flow and
no droplet trajectories were calculated.
However, the effect of drag on the air flow was
accounted for within the respective source
terms. The model was applied to a corridor type
enclosure fitted with 14 sprinkler heads, three

hence

obtained indicate how the water spray interacts
with the hot gaseous smoke layer. The temperatures were also reduced whereby the water curtain was able to confine the fire.

Alternatively, the two phases may be treated as
two interspersed continua occupying the same
space, their share of space being measured by
their volume fractions25. It is then necessary to
solve the appropriate continuity equations for
the fluid and the particulate phases. This
approach is known as the Volume Fraction or
Eulerian method, and as such is a natural
extension to the standard single phase Eulerian
method. If a control-cell consists of only a single
phase, the set of partial differential equations
for the two phases reverts to the conventional
single-phase system.

approach has been embedded into the
workings of PHOENICS26, 27, a computational
fluid dynamic code capable of modelling steady
and transient, turbulent, three-dimensional
two-phase problems as demonstrated in a
This

number of applications28-3o,

Any model simulating suspended droplets

within a gas field needs to account for the effect
of three distinct phenomena. As droplets are
introduced into a gas field, a drag force will be
exerted on the gas and the droplets, accelerating
or decelerating the overall flow accordingly. This
momentum transfer between the phases is one
of the coupling phenomena which needs to be
considered. If the gas phase and the particles are
initially at different temperatures, heat will be
transferred between the two phases. As a result
their densities can be altered affecting the overall flow field of the two phases. The last mode of
coupling is mass transfer. This occurs if, as for
the case of evaporating water particles, the mass
of the second phase is decreasing. This change in
mass must be accounted for by making appropriate adjustments to the gas phase.
In order to simulate processes which involve
mass transfer between the two phases, modifica-

tion to the standard procedure is required.
Known as the shadow volume fraction method3l
this technique evaluates a further fraction as if
no mass transfer had occurred. With the help of

of which were active during the simulation. The
numerical grid fitted to the enclosure contained
8,721 computational cells and required 20 hours
of CPU time on a VAX 6420. The results
125

this and the liquid volume fraction
which
takes into account mass transfer
evaluation
of the changing particle diameters can be carried
out. This method which has been imbedded into
the PHOENICS code, has already been used in
steady-state simulations of the spray cooling of
combustion products32 and the ignition of granulated propellants within a gun barrel33.

rising plume and inhibit it in hot stratified
layers. The droplets that are injected into the

-

-

treated as a second continuous
phase, interacting with the gaseous field. Once
these two phases start interacting, equations
need to be solved which not only deal with the
general conservation equations of mass,
momentum and energy of each phase, but also
take into account the important interphase process between them.
above field

Of more direct interest is the

application of the
technique to fire-sprinkler systems. The technique has been applied to the steady-state32, 35
and transient32, 36-38 three-dimensional analysis
of fire-sprinkler interaction. The model, incorporating the three modes of gas-droplet interaction, predicts gas phase flow fields and temperature distributions prior and subsequent to sprinkler activation. Liquid water concentrations as
well as velocity and temperature distributions
for the liquid phase were also produced. In these
studies, the fire is seen simply as a heat source
without the added complication of combustion.

The starting point of the analysis is the set of
partial differential equations that govern the
phenomena under consideration. This set consists of the following equations: the continuity
equation of each phase; the momentum equations that govern the conservation of momentum per unit mass for each phase, in each of the
space directions (the six Navier Stokes equations) ; the equations for conservation of energy
for each phase; species concentration (water
vapour); and the equations for a turbulence
for the
model
in this case the k-e model
In
are
thirteen
there
total,
gaseous phase only.
equations which define the basic model compared with seven in the standard volumetric
heat source field model. Considerably more computer power is required to solve this enhanced
set of equations. In addition, SIMPLEST25, the
standard numerical procedure used to solve the
equations, must be modified. The precise formulation of the differential equations describing
the model will not be given here as they may be
found elsewhere34, 38; however, the general
vector form of the equations will be presented.
-

The treatment of the continuous gas phase is
common to both approaches. For fire modelling
the technique used is commonly referred to as
field modelling. Its technique and applications are
described in detail within several papers34, 38, 39.
This was only a brief summary of the two methods. For more detailed accounts of their respective equations, advantages and disadvantages
the reader is directed towards the number of
reviews which have been published 16-18, 40,4 1.
In the remainder of this paper, brief details of the
above method will be outlined and its capabilities
demonstrated through two transient scenarios.

THE MATHEMATICAL PROBLEM
The model consists of a set of nonlinear partial
differential equations describing the flow, heat
and mass transfer, and the volume fractions of
two interacting phases. The heat source, representing the fire, creates a strong buoyancy
driven flow with large scale turbulent motion
which controls the diffusion of mass and
momentum and mixing of the two phases. The
nonuniform buoyancy forces not only drive this
flow, but also increase turbulent mixing in the

are

-

The independent variables used to model this
fire-sprinkler interaction phenomena are the
width, height and length; x, y and z of a cartesian co-ordinate system, as well as time t.
The 15 independent variables requiring solution
are the six velocity components (ul, vl, wl) for
the gas phase and (u2, U2, w2) for the particulate
phase in their respective cartesian direction (x,
y, z), along with the pressure, p, which is
assumed to be the same for both phases. The
enthalpies for the gas and water phases, hg and
h respectively, along with the concentration of
water vapour within the gas phase, c. The gas
and liquid volume fractions rg and r, are solved
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for including the effect of evaporation. The
’shadow’ volume fraction, rs, is the volume fraction in the absence of evaporation. Finally the
turbulence kinetic energy and dissipation rate
of the gaseous phase (k,e). Turbulence in the
liquid phase is neglected. The ’shadow’ volume
fraction technique allows us to evaluate the
diminishing droplet size during evaporation31.

Governing

Differential

Equations

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

where (D stands for a general fluid property
such as velocity or enthalpy; r and S are diffusion coefficient and source terms respectively,
and subscript i refers to the phase in question

(gaseous or particulate).

Coefficient
The interphase drag force experienced by the two
phases is related to the particle Reynolds number
by a drag coefficient CD. The interface friction
force for flow around a sphere is given by:
The

Interphase-Friction

where pg is the density of the gas phase, and Ap
is the total projected area of the liquid phase
present within a control-volume.

drag experienced by a solid spherical particle
moving through a fluid is dependent on a number
of factors such as turbulence and particle
shape42. The equation, applicable for Re < 105, is:

The

where Re is the

particle Reynolds number given

by:
The Mass-Conservation

Equation

The pressure variable is associated with the

continuity equation

where v is the laminar kinematic viscosity.

where pi is the

Mass flux from the surface can reduce the drag
coefficient15, 43. In the case of burning fuel
droplets this is a significant phenomena. For
small evaporating water droplets, the mass
efflux has little effect on the drag44.

density of the phase.

The volume fractions are related to each other
by the ’space’ sharing condition

However, in the event that the particles enter
the flame the drag coefficient is re-evaluated
The source/sink term Si is the rate of evaporation (source for the gas, sink for the liquid).

Auxiliary Equations
Due to the nature of the problem, i.e., the interaction between two phases, certain correlations
need to be included in the model to close the
problem. These time-dependent relations deal
with the interphase heat and mass transfer and
the friction between the gas and the liquid
phases. The assumptions made are that the gas
and droplets are dispersed within the controlvolume and that the droplets are spherical. The
last assumption is not essential but simplifies
the nature of the empirical input33.

using Equation

7:

lengths, l, are calculated using the relationship for enclosure fires45.
Flame

where Q is the total heat release of the fire and
D is the diameter of the fire source.

The Interphase-Heat Transfer
Coefficient
Heat is exchanged between the hot gasses and
the cold water droplets. Central to this treat127

ment is the concept of an interface between the
two phases, with temperature T,. Using this

vapour at the interface and in the gas respec-

tively49.

third temperature, the rate of heat transfer
from the gas to the interface, 4,q, and from the
interface to the particle interior is evaluated
using the relations, i i ;

where ag and aj are the heat transfer coefficients between the gas and the interface, and
the interface and the liquid respectively.
These heat transfer relations are based only on
convection. For droplets of about 1 mm in diameter, the magnitude of radiation absorbed is
negligible7, 46.

The

mass

transfer coefficient b, given

tion of the Sherwood

number54,

as a

func-

is evaluated

using:

where D is the mass diffusivity of water in gas,
and d is the average droplet diameter. Sh is the
Sherwood number which is analogous to the
Nusselt number used within the heat transfer calculations. The correlation, obtained by Ranz and
Marshall47, 50 for evaporating water droplets is:

The concentration of water vapour present
within the air was calculated using49:

The heat transfer coefficients, ag and al are
evaluated using the following relationships. The
heat transfer coefficient from the gas to the

interface, ag is:i

where Mw is the molecular weight of water,
hum is the relative humidity of the gas, Psat is
the saturation pressure and Ru is the universal
gas constant.

where Nu is the Nusselt number calculated
using the equation by Ranz and Marsha1147~ 48

for

evaporating water

droplets:

The concentration of water present at the interface was calculated using49:

Assuming

a cubic temperature distribution
exists within the particle, the transfer coefficient, czl can be evaluated using33:

The

Interphase-Mass Transfer

Coefficient
The equation governing the rate of mass transfer between the liquid and gaseous state is analogous to the interphase heat transfer. Hence,
the interphase mass transfer equation is given

by:

where ci and cg

are

the concentration of water

Boundary Conditions
There are basically two types of boundaries:
solid and free. On the free boundaries a fixed
pressure boundary condition is imposed. On
solid boundaries the non-slip condition is
employed for the gas phase. This condition is
also imposed on the particulate phase as no
method exists to easily incorporate such phenomena as bouncing on the boundaries. For the
enthalpy equation, a fixed temperature is
assumed at the outside surface of the walls
enclosing the compartment. The momentum
flux to the walls obeys the wall function relationship of Launder and Spalding5l. A similar
approach for the flux of heat to the walls has

indicated that
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satisfactory solutions

may be

obtained by

lumping

the heat loss effects
local empirical transfer
coefficient3. For the kinetic energy of turbulence
(k), a zero diffusive flux at the wall is used. The
dissipation rate (e) is calculated from the length
scale proportional to the distance from the wall.

together

in

and a bed fire within a large closed hospital
ward37. 38. The numerical results were compared with experimental data produced by the
National Bureau of Standards52, 53 and the
U.K. Fire Research Station~ respectively.

a

Office Scenario
The fire compartment, depicted in Figure 1,

The Solution Procedure
The above equations are solved using the computer program PHOENICS26 with the built-in
equations solvers SIMPLEST and IPSA (Inter-

represents an office of dimensions 2.44 m by 3.66 m
in plan and 2.44 m in height. A doorway of

dimensions 0.7 m in width and 2.03 m in height
was situated on the far end of the room and was
open throughout the scenario. The solution
domain was extended to include the outside
region in immediate proximity to the door
plane. This is necessary in order to obtain the
correct pressure distribution and flow pattern
through the doorway2, 34. This room was fitted
with a 12 x 11 x 20 cartesian grid, comprising of
1,848 internal and 792 external cells. At the
walls an isothermal condition, with an ambient
temperature of 24°C was assumed.

Phase

Slip Algorithm)25. The latter, a more
elaborate solution procedure which is used for
multi-phase modelling, is able to handle the
presence of two simultaneously present phases
sharing a common pressure. It evaluates the
increased number of governing equations of the
flow and the strong interaction between them,
such as interphase friction and mass, as well as
the space sharing of the volume fractions condition. For these calculations PHOENICS uses
the conventional staggered grid approach for
solving finite-volume equations26.

FIRE-SPRINKLER SIMULATIONS
PRACTICE

IN

In order to demonstrate the

validity and appliabove, a comparibetween experimental fire-sprinkler data

cability
son

The office fire scenario itself took the form of a
wastepaper basket fire initiation, whereby the
office furniture included a desk, chair and bookcase heavily loaded with a paper/book type fuel
load. However, as precise information relating

of the model outlined

and model results will be presented.
Two fire scenarios have been investigated.
These simulations concerned a comer fire located in an open office-sized compartment34, 3s, 3s

to the fire spread was not available, the fire was
represented as a volumetric heat source concentrated in a volume equal to the wastepaper

basket of dimensions 0.3 m x 0.3 m x 0.3 m, situated within a comer opposite the doorway. The
heat source had a time varying heat release rate
with a maximum power output of approximately
50 kW. The single phase simulation lasted for

--~

Figure

1. Office Schematic.

Figure
129-

2.

Hospital

Room Schematic.

the initial state for the

on a

wall

two-phase fire-sprinkler study. During the

heat

source

second stage, which lasted for 25 sec, the fire
was assumed to be still in progress with a heat
release rate of 30 kW.

m

175

sec

and

was

used

as

The effect of a single centrally positioned sprinkler was simulated. It was located 1.8 m from
the fire and 0.1 m below the ceiling. The water
was released at a rate of 0.596 x 10-3 m3/s. at
an angle of 70° from the sprinkler head line of
symmetry. It was assumed that droplets with a
uniform average diameter of lmm were
released with an initial temperature of 10°C.

During the experiment, temperature

measure-

taken at two distinct locations
within the room: near the centre and halfway
between the sprinkler and the doorway. At
these locations, simulated sprinkler links with a
Response Time Index (RTI) of 46 (ms)1/2 were
situated. These were instrumented with thermocouples to measure their temperature variation with height just below the ceiling. From
these locations and the arrangement of the
numerical grid used, two coinciding positions
were chosen for comparison purposes. The first
location just above the sprinkler is 0.05 m below
the ceiling, whilst the other near the doorway is
0.24 m below the ceiling.
ments

were

In order to be able to compare the measured link

temperatures with the model, the calculated gas
temperatures were converted using the following
temperature-response equation of the linklo:

were

7.85

6 kW
in width and 0.5

modelled using
m

long,

0.3

m

a

single

high.

experiment the fire was situated on a bed
which was 1.35 m wide, 1.75 m in length and
stood 0.5 m above the floor. The bed-head was
positioned at the centre of the east wall. The
sprinkler was located 0.353 m below the ceiling
and 0.895 m from the east wall along the centre
line of the room. Its characteristics were identical to those used in the office fire scenario.
In the

As in the previous case, room conditions prior to
the sprinkler activation were obtained by modelling only the fire. The results from the singlephase simulation, which lasted for 420 sec were

a) towards the centre of the room, 0.05

m

below

ceiling.

where u is the gas velocity, Te the temperature
of the sprinkler element and Tg the gas temperature.

Hospital Ward Scenario
The fire compartment,

six-bed hospital

depicted in Figure 2,

was

of dimensions 7.32 m by
7.85 m by 2.7 m. The flow domain was fitted
with a 14 x 15 x 11 cartesian grid comprising of
2,310 control volumes. The thermal conductivity
and thickness of the walls, floor and ceiling
were supplied and included in the calculations.
In addition, six 1 kW oil filled radiators situated
a

room

b)

near

the door, 0.24m below

ceiling.

3. Office Fire: Predicted and measured sprinkler
link temperatures.

Figure

130

used

as initial values for the two-phase firesprinkler study. During the single-phase simulation the fire was ramped from 0 kW to 40 kW
according to experimental data. The fire was
modelled as a heat source occupying a fixed area
of 0.45 m x 0.5 m, positioned 0.25 m from the
east wall. After 420 sec the sprinkler was activat-

cal gas temperatures for the two simulations are
presented in Figures 3 and 4. These clearly indicate that the correct trends in temperature variation have been captured. Experimental and
numerical uncertainties concerned with the fire
load and the coarseness of the numerical grid
contribute towards the observed discrepancies.

ed. During this stage, which lasted for 120 sec,
the fire was maintained at a constant 40 kW.

Both simulations

were

performed with

a

1

The following diagrams depict gas temperatures
and velocity vectors before and after sprinkler
activation for various planes through the fire

sec

time step.

compartments.

Results

Figures 5 and 6 show gas temperatures and
velocity vectors along the centre of the hospital
ward and through the fire and sprinkler sources.

During both experiments,

gas temperatures

monitored at a number of locations.
Comparisons between experimental and numeriwere

a) located between heat source and

The situation in the office fire scenario is shown
east wall.

~b) located in the vicinity of went end high corner.
Figure 4. Hospital Room Fire: Predicted and measured
gas temperatures at two thermocouple locations, 0.07
m

below

ceiling.

These indicate the manner in which the sprinkler creates a water curtain confining the hot
gases to a small area of the room. Eventually the
gases remote from the fire and sprinkler are
cooled down. As can be seen in Figure 5A, prior
to sprinkler activation there exists one large recirculation cell driven by the heat source. Two
minutes after sprinkler activation (Figure 5B)
two major flows are apparent. The first, generated by the sprinkler is downwards, deflecting off
the bed and along the floor. The second, generated by the fire, is along the ceiling. These two currents meet towards the centre of the room,
aiding the mixing and cooling process.

Figure 5. Cross View of Hospital Ward: Predicted gas
temperature contours through centre of room, fire and
sprinkler sources a) fire only (420 sec); b) fire and
sprinkler (540 sec).
-131-

in Figure 7. This
tures on a vertical

figure depicts gas temperaplane along the length of the
room passing through the sprinkler and the
centre-line of the doorway. These show how the
stable temperature stratification within the
room is disturbed by the water
spray. The
injected water removes heat from the gas,
reducing its temperature. In addition, the downward motion of the spray creates a type of water
curtain which confines the hot gasses to the fire
end on the room.

ulations is that this approach is very expensive
in terms of computing time. The simulations
were performed on a Norsk Data ND-5900 minicomputer, roughly equivalent to a VAX 11/780.
The hospital ward calculations (see Table 1)
required 75 hrs of CPU time to simulate the 420
sec prior to sprinkler activation. The next 120
sec consumed 216 hrs. These calculations were
performed on a relatively coarse grid. Clearly if
this technique is to be adopted as an engineering
design tool, a means must be found of inexpen-

sively reducing this enormous computing effort.
The division of the fire compartment into hot
and cold sectors is further highlighted in Figure
8, where a horizontal plane at sprinkler height is
depicted. Initially the hot gases were pushed
into the central areas of the room and subsequently deflected and re-circulated by the confining walls in a manner similar to that observed
by Satoh55. However, 25 sec after activation,
sprinkler action presents itself as a barrier. The
hot gases are cooled down as well as confined.
Meanwhile, cooler gases are circulated back into
the hot layer, further aiding the cooling process.

Finally, the spread of the water droplets in terms
of their volume fractions are shown in Figure 9
for the hospital ward simulation after 120 sec.

possible to solve computer-intensive
problems using supercomputers, this approach
is limited and perceived to be prohibitively
expensive for the majority of fire modelling
applications.
While it is

Alternatively, the so-called super-workstations
(for example the HP DN10000 and IBM RS6000)
can be employed. At present this family of
machines offer scalar performance in the range
of 5 to 20 MFLOPS. While impressive, this level
of performance and forseeable single processor
power is unlikely to meet the ever-increasing
demands of the fire modelling community.
to multiarchitecture
offer
the
processor
potential of
these
considerable
elapsed times to a
reducing
few hours. The philosophy of parallel computing

Parallel

Computing Requirements
A further observation to emerge from these sim-

Figure 6. Cross View of Hospital Ward: Predicted gas
velocity vectors through the centre of the room, fire and
sprinkler sources; a) fire only (420 sec), b) fire and
sprinkler (540 sec).

computing techniques applied

Figure 7. Side View of Office: Predicted gas temperature contours on the vertical plane through the sprinkler
and doorway; a) fire only (175 sec), b) fire and sprinkler
(200 sec).
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is easy to understand. No matter how fast

single

CONCLUDING REMARKS

a

work, if one can efficiently
utilise several of them simultaneously on a single
task, it will be completed in a shorter time.
processor

can

At the Centre for Numerical Modelling and
Process Analysis at Thames Polytechnic, a modified version of the commercial fluid flow package HARWELL-FLOW3D56 has been produced
which makes efficient use of multi-processor
architectures. On fire field model test problems
consisting of up to 24,000 computational cells,
run times have been reduced from over 4
days
on a single processor to just over 8 hours on a 15
processor systeM57. Translating this performance to the above fire-sprinkler simulation
and using 30 transputers it is expected that the
291 hour simulation could be performed in
about 11 hours.

Over the past 10 years, considerable effort has
been invested in the development of detailed
fundamental models for the simulation of enclosure fires. For the majority of this period, the
area of fire-sprinkler simulation has more or
less been ignored by the field modelling community. This has been due to the extreme complication involved in simulating the processes
involved in transient, buoyant, turbulent, threedimensional, two-phase phenomena. In addition, the computational effort required to solve
such problems has been prohibitively expensive.
The development of numerical procedures, such
as the particle tracking and volume fraction
methods, and the availability of inexpensive

parallel computing technology heralds the
promise of progress. While it is still early days,
the work discussed above indicates that timedependent fire-sprinkler simulations are feasible. Further studies are required to investigate
the effect of flow rate and droplet size and the

Figure 8.

Plan View of Office: Predicted gas temperature
through a horizontal plane, 0.145m below the
ceiling; a) fire only (175 sec), b) fire and sprinkler (200
sec).
contours

Figure 9. Cross View of Hospital Ward: Predicted volume
fractions of water phase through the sprinkler plane.
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interaction of water sprays with smoke layers.
Furthermore, chemical interactions may take
place between the liquid phase and various components of the gaseous phase. Modelling such
interactions, while adding a further layer of
complication to the models, poses no real fundamental obstacle to their successful use.
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NOMENCLATURE
A

Ap

=

=

b

=

c

=

CD

Cp
d D
F

(J/kg)

Bird, R.B., Stewart, W.E., and Lightfoot,
E.N., Transport Phenomena, John Wiley and
Sons, New York, 1960.
Ranz, W.E. and Marshall, Jr., W.R.,
"Evaporation From Drops: Part I,"
Chemical Eng. Progress, 48, 3, 1952, pp.

total surface

total

area

in control cell

projected surface area

transfer coefficient
concentration of water vapour
=
drag coefficientt
=
specific heat
=
droplet diameter
diameter of fire source
interphase friction force
=

=

mass

(m2)
(m2)
(m/s)

(kg/M3)

hum
k
I

m
M

kinematic turbulence kinetic
= flame
length
= latent heat
rate of mass transfer
= molecular
weight
=

=

p

=

q

=

Q

=

=

Ru

=

universal gas constant

S

=

source

T

=

temperature

V

=

VolI

=

=

energy(m2/s)
(m)

(J/kg)
(kg/s)
(kg/kmol)

(atm)
pressure
(W/s)
rate of heat transfer
(W)
heat
release
total fire
volume fraction of phase considered

r

Vslip

(W/m2 K)
(%)

=

8.313*103
(J/kmol K)

term

(K)

velocity vector
slip velocity

(m/s)

volume of the cell

(m3)

Greek
r

=

e

=

X

=

u

=

p

=

(D

=

diffusion coefficient
turbulence dissipation rate of k (m2/s)
(W/m K)
thermal conductivity
laminar kinematic viscosity

(m2/s)

density
general dependent variable

(kgJm3)

Subscripts
g
i

=

=

1

=

s

=

sat

=

gas phase
refers to phase in

question; g or I

liquid phase
surface
saturation

Dimensionless Numbers
= Nusselt number

Nu

Re
Sc
Sh

(J/kg K)
(m)
(m)
(N)
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=

=

=

Reynolds number
Schmidt number
Sherwood number

