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Abstract

The research work presented herein addresses the problem of the mathematical
modelling of fire and fire-sprinkler scenarios. This involved the numerical simulation
of two-phase, three-dimensional, buoyant, turbulent, recirculating flows. The
simulations were carried out in two successive and distinct stages.

The first stage dealt with the modelling of buoyant hot turbulent gas flows generated

by a fire within room-sized compartments. These single phase studies were based on
the field modelling approach to fire simulation.

The second part of the study involved the introduction of the cold water droplets
through a single sprinkler head, thus, extending the scenario into the more complex
two-phase regime. This led to expanding the single-phase fire model to take account
of two concurrently present phases, ie. gas/liquid. The strategy used to model the two-
phase process was the Eulerian-Eulerian technique or volume-fraction method. In
order to take into account the physics involved in this process, interphase friction or
drag was considered. Furthermore, due to the large difference in temperatures between
the hot gases and the cold water droplets it was necessary to introduce interphase heat
transfer. Due to the subsequent evaporation of the water droplets interphase mass
transter was also accounted for.

Models for both steady-state and time-dependent situations were developed, whereby
experimental results of transient fire-sprinkler tests were used for validauon. The
simulations performed indicated the creation of extremely complex flow fields within
the compartments both prior and during sprinkler activation. Phenomena such as the
significant cooling of the hot combustion gases caused by the active sprinkler and the
evaporation of water droplets have also been predicted. This has been vernified by the
experimental data. Thus, it can be concluded that the models outlined herein are
capable of simulating the complex two-phase fire-sprinkler scenanos.

The need for subsequent investigative studies into such areas as the effect of using
different auxiliary relationships eg. heat transfer, sprinkler characteristics and gnd-
spacing has been highlighted. In order to complete the validation process, further

experimental data needs to be made available.

This two-phase technique has proven to be very computationally intensive with
simulations requiring days of CPU time. This 1s clearly unacceptable. However, it 1s
suggested that parallel computing technology may provide a means for reducing the
CPU time involved to hours.

[t can be concluded that though the model developed requires further investigation and
refinements, it provides a basis for a practical and useful fire engineering tool.
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Chapter 1 Introdu_ction

1.1 The Problem Considered

The destrucuve powers of uncontrolled fires can be seen daily. These result in around
a thousand deaths and millions of pounds worth of property loss a year in the United
Kingdom alone. An obvious method to limit these grim statistics is to reduce the

possibility of the outbreak and spread of fires.

In 1812, the first prototype sprinkler system was installed in the Theatre Royal, Drury
Lane, London [Nash (1973)]. Its life safety and property protection potential were
quickly recognised and developed. Today the automatic sprinkler system i1s widely
accepted as.the most efficient form of automatic fire detection and extinguishment.
Insurance statistics show that only four percent of losses occur on sprinklered
premises [Anon,i (1984)]. In fact sprinklers successfully control or extinguish a fire
in 98.5% of the cases [Anon,ii (1984)]. Due to this high success rate insurance

companies encourage the installation of sprinkler systems by reducing the premums

payable [Tye and Genasis(1986)].

In the nineteenth century the newly formed insurance companies, like the Mutual Fire
Insurance Company in Britain (now the Fire Offices’ Committee) were the drniving
force behind the development and subsequent setting of the rules and regulations for
sprinkler installations. They published their first edition of the Sprinkler Rules in

1888 [Round (1987)]. Today research and testing into every aspect of the fire
phenomena, from collecting fire statistics, understanding the physical and chemucal

interactions and examining the processes involved in activating and subsequent



workings of a sprinkler are carried out at the Fire Research Station, Borehamwood.

For several decades a considerable amount of research has been concentrated on
gaining a clearer understanding of the complex fire phenomena occurring within a
variety of enclosures, such as nuclear containment cells, hospital rooms, aircraft

cabins, and shopping malls.

In order to obtain the details concerning the fire dynamics involed and the potential
fatal hazards responsible for preventing the occupants from escaping, simulations of
possible fire scenarios are performed. These are either experimental fire tests or

numerically based mathematical models.

Fire tests fall into two main categories; full-scale and scale models, whereby the

former represents the ideal case. However, the amount of human and financial
resources required to carry out full-scale fire tests within a completely fitted enclosure,
such as a room can be extremely expensive (from around £10,000 for one simple
full-scale compartment to around £100,000 for a series of full-scale compartment fire

tests) and sometimes, impossible. The other problem is that it is not always possible

to conduct enough fire tests to adequately deal with all eventualities, such as the

positioning of the fire source, ventilation or material and positioning of the furniture.

Full-scale tests are however still carried out to examine individual fire disasters such

as the Stardust disco disaster in Dublin in 1981 which killed 48 people, or the King's

Cross disaster of 1987 which claimed 32 lives.

The scale model approach is a useful technique used in several branches of

engineering to test smaller models betore developing full-scale systems. Hence,



various details such as flow characteristics can be analysed without the expense of
constructing a full-sized model. However, this approach also has its disadvantages. In
fire modelling complete similanty between full- and scale-models cannot be preserved
[Williams (1969)] especially for the modelling .'_ of temperature distributions [Lee
(1972)].

However, a mathematical model of the system under investigation potentially provides
the fire engineer with a cheaper and more general alternative. The types of models
currently available and still being developed can be divided into two main research
areas, or fields of interest. Firstly there is the general fire scenario which only treats
the pre-tlashover case. The second are : of interest is the initiation of the sprinkler and

the subsequent fire-sprinkler scenario. These are two very distinct research fields and

as such will be treated separately within this chapter.

1.2 Fire Modelling

Many attempts have been made to model fire phenomena mathematcally. These fire
models can be divided into two main groups; the stochastic and the deterministic
models. The first type, based on fire statistics, evaluates the fire risk within a

compartment by associating probabilities to all controlling parameters such as design

features. distribution and the combustible nature of materials [Beard (1984/%5)].
However, this method is not able to provide detailed transient or spatial developments
of fire characteristics such as temperature or concentration. Nor is it able to assess
the importance of dominant phenomena such as radiation or convection which are

necessary for the determination of fire safety device activation. Hence, this review and



the work carried out uses a more fundamental approach and treats the fire as a

physio-chemical fluid dynamic system of heat and mass transfer. This concept is

embodied within the deterministic models.

Deterministic fire modelling of pre-flashover fire conditions have been carried out for
over a decade using two distinct methods. These have become known as zone and
field models; though a more apt description would be empirical and fundamental
models. Dnring this period several reviews have been published detailing the
advantages and disadvantages of each model. Some of the most noteworthy reviews

have been made by Kumar (1983), Galea and Markatos (1987,i11) and Galea (1989).

As a fire in a compartment grows due to the radiative heat feedback from the tlames
above the fuel, the hot combustion products start collecting below the ceiling 1n a
distinct layer. This phase, known as the pre-flashover phase, is an important stage for
determining life safety requirements. Once the hot layer temperature reaches around
600°C and the radiant heat to the fuel in the room reaches around 2 W/cm’ there is
a very rapid involvement of the whole room in flaming combustion. This stage 1s

known as flashover and once this situation has occurred life within the compartment

would no longer be possible.

1.2.1 Zone Models

For pre-flashover fire conditions zone models divide the fire compartment into several
well defined zones or regions of fire behaviour. There are typically about four or five
zones, see figure 1.1, which might be the fire’s combustion zone, the nsing thermal

plume, as well as the hot upper layer accumulating below the ceiling containing the
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hot combustion products. Within the lower layer the gases are still cold and

uncontaminated. These two layers are separated by a sharp interface.

Each zone is treated in 1solation and experimentally based expressions are used to
describe the physical processes within the zone. The output of one zone is used as

the input to another, whereby the fundamental rules of conservation for energy and
mass are maintained. The solution of these equations can be carried out within

minutes on a medium sized computer such as a DEC VAX 11/780.

There now exist a number of different zone modelling packages developed to predict
enclosure fire dynamics. These models differ in a number of ways, such as the
complexity of the fire compartments analysed, or the number and details of individual
physical phenomena considered. The most comprehensive of these is the Harvard
Computer Fire Code [Mitler (1985)], which was developed from its predecessor the
Computer Fire Code III [Emmons (1979)]. Three variants to the Harvard code exist;

Versions 5, 5.3 and 6, each of which has a few additions and improvements to its

predecessor.

The basic one-room zone model, given in version 5, is capable of using up to eight
zones to obtain predictions which are to within ten percent of experimental values.
Version 5.3 is basically the same as version 5 except that forced-ventilaton along
with a point-source plume rather than an area-source plume can be considered. The
predictions of this new version were validated with experimental results obtained from
the Lawrence Livermore Laboratory for a vented compartment [Mitler (1984)].
Version 6 does everything version 5 is capable of but on a larger scale. This version

has been extended to simulate a multi-room lay-out of up to five interconnecting



rooms. This code has been used to simulate the events in the 1977 Beverley Hills

Supper Club Fire in which 165 people died [Emmons (1983)].

Blomqvist and Andersson (1985) used Version 5 to simulate a full-scale three-seater
sofa fire within a room with an open door. From their results they suggested that the
fire plume model should be improved, whereby the model they were working with

was compared with the FOVER zone model developed by Higglund. A further study
carried out by Takeda (1987) also used Harvard 5 for comparison purposes. He
proposed a simple one-zone, transient model to simulate the fire growth process

within a compartment in order to be able to determine the timing and conditions for

flashover. From his results he was able to conclude that his one-zo.. 2 model predicted

the same behaviour as the Harvard 5 code.

Following the termination of the Harvard code project in 1983 the National Bureau
of Standards (now the National Institute of Standards and Technology, NIST) started
to develop theirr own zone model, FIRST (FIRe Simulation Technique) [Mitler and
Rockett (1987)] using Harvard 5 and its improvements as a basis. The code they
developed was only specific to a single compartment. However, with the new
extensions the code i1s capable of simulating three different types of fire growth, as
well as combustion products, and the effect of forced ventilaton. The other important

point is that it can be run on an IBM-PC (Personal Computer), making 1t more widely

available.

The ASET (Available Safe Egress Time) zone model [Cooper and Stroup (1982)] is
specific to determining the tme available for occupants to safely evacuate the fire

compartment. It calculates the egress time interval by determining the time of fire



detection to the ime when hazardous conditions prevail within the compartment.

Another code which is specific to aircraft fires is DACFIR (Dayton Aircraft Cabin

Fire Model) [Reeves and MacArthur (1976)]. It models the cabin atmosphere within

wide body aircrafts caused by a seat fire.

The CCFM (Consolidated Compartment Fire Model) [Cooper and Fomey (1987)]
computer code 1s a prototype developed at the National Bureau of Standards. Its aim
1s to simulate the fire environment developing in a single room of a multi-room lay-

out with a single opening like a vent, and is mainly used for fire and venting

simulations.

There also exist zone models capable of describing the fire behaviour within a multi-
compartment building. The first of these was developed by Tanaka which can be said
to be the most comprehensive of the zone models. Figure 1.2 [Cox (1987)] shows the

results of a typical calculation for a ten-storey building after a one minute simulation.
The numbers under the ceiling represents the temperature rise (in degrees Kelvin) of

the upper gas layer, whilst the numbers at the arrows refer to the mass flow rate of

the hot gases or air.

FAST (transport of Fire And Smoke and Toxic gases) is another multi-room/mult-
level model. However, it is only able to deal with the fire and the transport of the

gases from room to room. It is not able to deal with forced ventlation or heating of

target items [Cooper et al(1985), Walton et al(1985)].

Although these models are widely used and still subject of research and development

:n the U.S.A., Britain and Japan, several weaknesses are apparent. Firstly, the

I



2y 29 ::o DK
ql":"‘_ \

\:
SR L T e WY
467 \ )

2 N
V=g ?\é‘:ﬁﬁﬁas?x

| *.0'70"\

hY ¢

L]

\. 1 ‘\{-‘E (
O § ) Wi PRBORA S 2
259 1

I\

VEARINGT A
1.13_'-:‘“)11.:: 510 ¥ .

- 0.56 ' LY — \' s L1 A

— 0.22 —\ 084}V
N 177)
] . A AR VI
N A RE

T a L'AS

- 0.78

Time: 1.0 min

Figure 1.2 Typical results obtained with Tanaka’s Zone Model [Cox (1987)]

RS




assumption of a uniform field of temperature or species concentration is very
idealised. Full-scale experiments have shown very clearly that temperature and
concentration gradients exist within each region of the zone itself. The validity of the
empirical relations used to describe the physical behaviour within each region is a
further source of doubt, as most of the experimental experience employed within the
zone models 1s from wood fires within domestic sized rooms. Hence, the simulation

of plastic fires, large areas of enclosures or tall buildings should be approached with

caution.

1.2.2 Field Models

The field modelling strategy is more ambitious and sophisticated in its approach. It
1s centred around the solution of the fundamental equations of motion and
conservation of energy and mass using the finite-volume approach. These equations,
known as the Navier-Stoke equations, generally consist of a set of three-dimensional,
time-dependent, non-linear partial differential equations. Though 1n their most general

form these cannot be solved by analytical methods, numerical procedures such as the

finite-volume approach may be utilised for their solution.

As part of the finite-volume solution procedure the enclosure is discretised 1into
thousands of small volumes or control cells, the total number being dependent upon
the size and complexity of the compartment as well as the accuracy of the solution

required. An average room may require around two thousand cells, whereas an aircratt

cabin may need more than thirty thousand; see figure 1.3.

The governing equations are solved for simultaneously at the centre of each cell

- 11 --
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calculating the various fire parameters of interest such as temperature, pressure, and

gas concentrations. In that way a more detailed perspective of conditions occurring

within the compartment can be obtained.

Due to the vast amount of calculations performed, computer resources can be
stretched to their limits, both in terms of speed and storage. However, the field-

model’s greater sophistication and minimal use of empiricism makes it a more

generally valid and versatile tool.

Over the last decade with the advancement of computer resources the field modelling

approach has been considerably developed resulting in a number of cifferent models.

The first of these was MOSIE2 (Movement Of Smoke In Enclosures-2 dimensional)

[Markatos et al(1982)]. It simulated the velocity and temperature distribution within
a two-dimensional rectangular enclosure with an open door for a steady-state situation.

The effect of turbulence was taken into consideration. The results which were
compared to the predictions made by the Notre Dame two-dimensional code
UNDSAFE as well as experimental data indicated the correct trends and even gave

reasonable agreement with the experimental data. However, in order to valhdate the

model thoroughly it was suggested that either, more two-dimensional experimental

data was needed or that a three-dimensional version of the model should be

developed.

In the early 1980s the Fire Research Station, Borehamwood, England, realising the
potential of a computer fire model, started to develop their in-house field model

JASMINE (Analysis of Smoke Movement IN Enclosures) by extending the two-

- 13 --



dimensional model MOSIE2. The model’s first demonstration of its potential ;vas

made in 1982 with a simulation of a shopping mall [Markatos and Cox (1982)] where

the results indicated the correct trends. However, further work particularly in gnd-

refinement studies and comparisons with experimental data were required. A further

validation test was carried out on a nuclear containment cell [Cox (1983)] resulting

in the same conclusions.

Further experimental data in the form of a fire within a road tunnel was made
available for validation tests [Kumar and Cox (1985)]. In order to improve realism,
the added effect of combustion was also included in this validation study. A simple
- one-step chemical reaction model was us. d to characterise the combustion process.
The effect of natural and forced ventilation on the temperature distribution within the
tunnel was also studied, whereby better agreement between the steady-state predictions
and the experimental data were obtained remote from the fire source and with low
ventilation. Close to the fire and with increased ventilation the agreements were less
satisfactory. Though more work is required to improve on the agreement close to the

fire this validation study demonstrated the usefulness of a computer model to study

design features.

This basic framework of JASMINE was also validated for fires in hospital wards
[Kumar et al(1985,1986,i,ii)], forced ventilated enclosures [Cox and Kumar (1987)]
and an air-supported structure [Pericleous et al(1987)]. During these studies more
points were raised which required further research. The first was concerned with
modelling the turbulent diffusion flame. As a first approximation the fire source 1S

represented as a volumetric heat source. However, Markatos et al (1986) developed

2 two-fluid steady-state model to simulate turbulent flames, which also allows for

- 14 --



chemical reactions to take place. The results they obtained were qualitatively realistic,

but the cost of obtaining these results were paid for in the form of excessive

computational time.

surfaces. These consequences were tested out on the tunnel fire problem [Kumar and
Cox (1985)]. The new model TUNFIRE [Kumar and Cox (1988)] with the inclusion
of the six-flux radiation model, improved the predictions remote from the fire source.
However, Kumar et al did not think that the model was adequate in dealing with the

etfect close to L:e fire source and suggested that further validation and testing needed

to be carried out.

During the period of developing JASMINE another general field model, UNDSAFE
(University of Notre Dame Smoke And Fire in Enclosures), was developed by the
University of Notre Dame in Indiana. It too was originally confined to two-
dimensional compartment studies, but further modifications and versions have resulted

in three-dimensional studies such as an aircraft cabin fire [Galea (1989)].

The importance of mathematical fire models as design tools for architects can be seen
in the paper by Waters (1986) of Ove Arup and Partners. He used the general
computer code PHOENICS to stﬁdy air and smoke movement generated by a fire

within very large buildings, such as airport terminals or department stores. With the
aid of this model he was able to assess the environmental conditions within the

building and hence the life safety aspects in the event of a fire.
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A field model designed specifically for aircraft cabin fires was developed by Galea

and Markatos (1987,i). It is a steady-state and tme-dependent, three dimensional
model which uses a body-fitted co-ordinate system to accurately model the interior
of an aircraft, which is neither cartesian nor polar-cylindrical. It has been partially
validated and is now used as a research tool to Investigate design features of aircraft

such as the effect of the air-conditioning system on the temperature distribution within

a burning fuselage [Galea and Markatos (1989)].

Gupta et al (1988) developed a one-dimensional transient model to simulate the

behaviour of the fire plume during the pre-flashover phase. It also calculates the fire

plume characteristics under steady-state conditions.

Though field models, such as those mentioned above, provide the fire engineer with
a useful investigative tool, the accuracy obtained is paid for by the excessive amount
of CPU time required to perform the simulations. Partially due to the overheads
involved 1n the calculation of the models and the limited amount of experimental data
avalilable, thorough validation of these models still needs to be carried out. Other

problems associated with the field models, at this current stage of development,
concerns the treatment of various physical phenomena which are present during a fire.

The areas which need further research involve the processes concerned with turbulent

flow, combustion as well as the spread of fire over a solid fuel.

The exact equations governing the turbulent flow of hot tluids are known, however

their solution for practical purposes are not possible. The problem lies in the very
nature of turbulence. The physical process which controls the growth and decay of

turbulent moton are occurring on scales much smaller than the overall flow scales.
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In order to describe this flow, 1t would be necessary to work down to this scale.

However, tremendously large computer overheads would be incurred. To overcome
this problem semi-empirical turbulence models have been developed, which consist
of differential or algebraic equations and associated constants. One such model, the
two-equation k-€ model [Harlow and Nakayama (1967)] is generally applied to

simulate tlte re-circulating turbulent flow conditions occurring during a fire scenario.

The combustion process is very complex, due to the number of intermediate reactions
and the formation of short lived species taking place. Turbulence further complicates
this situation by mixing the reactants and products. Hence, it is assumed that
combustion follows a one-step chemical reaction, whereby the fuel reacts with the

oxidant to give the product. This approach, while only approximating the combustion

process, produces satisfactory results for relatively simple fuels such as polyurethane

foam [Kumar et al(1986,1,11)].

This in turn leads on to the method of dealing with fire-spread across solid surfaces.
At present it is assumed that the fire source is positioned across a fixed area oOr

volume. However, solid fires travel along a surface increasing the fire area and

replenishing their fuel. Hence, with improved combustion models the area close to the

fire source can be predicted more accurately leading to the development of fire spread

models.

However, these effects could be modelled using a combination of a field-zone model.
This hybrid model employing the empiricism inherent in the zone model and the

fundamental approach of the field model could simulate combustion, flame length and

spread.
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1.3 Sprinkler Modelling

While fire models were being researched and developed complementary efforts to
quantify and model fire suppression were also initiated. As in the case for fire
modelling, two distinct approaches, the empirical and the fundamental. have been
developed to deal with various aspects of fire-sprinkler interaction. These are

discussed below, though further details and research areas concerning the sprinklers

themselves can be found in Appendix 1.

1.3.1 Empirical Models

A considerable amount of research has been carried out into characterising sprinkler
activation for a variety of fire conditions, which has led to the setting of standards
and regulations. However, the need was felt in the U.S.A. to computerise this system
and use existing expertise to calculate the response time for arbitrary fires. Evans and
Stroup (1985,1986) wrote DETACT-T2 capable of calculating the time required for
a ceiling mounted heat and smoke detector to respond to a growing fire. The results
of the calculated response times are to within five percent of the published standard
figures. However, the correlations used for the code were obtained from experiments
using large un-confined ceilings. For confined ceilings, these correlations are no longer
valid due to the accumulation of fire products beneath the ceiling. Cooper (1982)

though has developed a calculation procedure to deal with those situations.
A further restriction of the code was, that the fire to be detected could only increase

its energy release rate proportionally with the square of time from igninon. This

restricion was overcome in the BASIC version of the code, DETACT-QS [Evans and
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Stroup (1985,1986)]. A fire can now have an arbitrary energy release rate which must

be represented by a series of connecting linear approximations.

The model developed by Gardiner (1988) has taken up a position some way between
the empirical and the fundamental models. He describes it as a quasi-zone-field model

capable of describing the interaction between sprinklers and the thermally buoyant
layers of fire gases. It is a three-dimensional steady-state model taking into account

the geometry of the compartment and the pesition and characteristics of the sprinkler
head(s). As it is assumed that the sprinkler is remote from the fire, three different

methods to generate the smoke flow are provided within the model.

1.3.2 Fundamental Models

From the fundamentalist’s point of view the simulation of a sprinkler falls into the
category of a multi-phase process. Two-phase, and multi-phase flow in general play
an 1mportant role in a wide range of environmental, industrial and engineering
disciplines. Some typical examples are fluidisation [Patel et al (1989)], pneumatic

conveying [Mason et al (1987)], sedimentation, air and water pollution and spray

drying and cooling [Soo (1975)].

Particulate gas-liquid, solid-liquid and solid-gas flows form one class of two-phase
flows, and are usually referred to as dispersed flows. The simulation of these
particulate flows is of interest in many engineering applications such as droplet
combustion, spray drying and cooling, and cyclone separators. In these fields the
importance of adding particles into a fluid is shown by the drastic increase of particle

surface area which can subsequently accelerate the reaction rate between the two
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phases. The advantage can best be seen in the areas concerning heat and mass transfer

as well as chemical reactions.

1s basically a single phase flow. However, in the present study it is-assumed that the
particles are large enough for there to exist a slip velocity between the two phases.

Studying these types of flows provides us with a clearer understanding of the effects
of engineering flow parameters such as pressure drop, and heat and mass transfer

coetficients. They are also essential as they help us to understand the physical
phenomena whick could limit the performance of the equipment, aid in economic
design, optimise operating conditions and also provide us with an insight into the

reliability and safety of the system.

Over the last decade considerable progress has been made in the numerical study of
single-phase flow, both laminar and turbulent. With the advent of increased capacity,
speed and availability of computer resources particular interest has now been focused
on solving two-phase flow phenomena numerically. Particulate two-phase flow can be
dealt with using two distinct approaches. 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 the various forces acting

on the particles. The effect of the particles on the gas phase is taken into account by
introducing appropriate source terms in the gas phase conservation equatons. This

approach is known as the Lagrangian or particle tracking method.

Treating. both phases as a continuum and solving for the appropriate continuity
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equations for the fluid and the particulate phases is the approach employed by the

Eulerian method.

These distinct approaches have been fully reviewed by several authors, detailing the
method’s individual algorithms, merits and disadvantages. Crowe (1982) reviewed
the methods for one- and two-dimensional flows. He concluded that the most difficult

aspect of gas-particle modelling is the treatment of turbulence and that more studies,

both experimentally and numerically are needed.

Durst et al (1984) discusses the differences between the two methods. However, this
review 1S made more complete by comparisons obtained by simulating two two-
dimensional particulate flows using both methods. From these studies the main
conclusion was that the two approaches are very similar from a numerical rather than
a physical point of view, whilst the main difference lies in the treatment of the
particle phase. The Lagrangian approach provides more detailed information on the
particle phase. However, convergence problems can occur for flows with high particle

loadings. These are not observed when using the Eulerian methods.

A third review by Sirignano (1986) also compares the merits and demerts of the two
methods. However, he also introduces a third technique of formulating the second
phase as a set of probability density functions. This approach can be used for a wide
range of resolutions relative to the droplet size. Furthermore, his decision criterna on
which method to use is dependent on the resolution scale and the droplet spacing.

Hence prefering the Lagrangian formulation which limits the number of droplets

considered on the computer resources.
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In the following sections brief details of the different treatments of the motion of the
dispersed particles and their interaction with the continuum for both phases are
presented, along with their advantages and disadvantages. However, details of the
mathematical equations employed by the schemes will not be given as these have
been cited in the review papers and the papers highlighted in the following sections.

The treatment of the continuous phase is not described here as both methods deal

with it in the same fashion; as described in chapter 2 for the single-phase fire

stmulation.

Any model, simulating suspended droplets within a gas field, needs to account for the
etfect 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 i1s one of the

first coupling phenomena to be considered.

If the gas phase and the particles are initially at different temperatures heat will be
transferred between the two phases. The affect of this phenomena 1s that the densites
can be altered and hence the overall flow field of the two phases can be atfected. The

last mode of coupling is mass transfer. If, as for the case of particles evaporating, the

mass of the second phase is decreasing. This decrease in mass needs to be accounted

for, due to the conservation of mass, by adjusting the gas phase accordingly.

The Lagrangian Method

The concept of two superimposed continua occupying the same control-volume was

first formulated by Migdal and Agosta (1967). They derived a system of ditferenual

-2 _



equations from the basic laws of mass conservation and thermodynamics, to describe
the dynamics of gas-particle systems. Within this system the particles, which are
assumed to be finely dispersed, are treated as a continuous system of sources/sinks
to the gas phase. The gas phase, which is treated as a continua is evaluated using
partial differential equations whilst the particulate phase is solved for using ordinary
differential equations. In their paper from 1967, an application to one-dimensional
flow 1s given, but no solution or comparisons are provided. However, this paper has
proven to be a stepping stone for a considerable amount of work ir two-phase
simulations. Some of the developments and results with this approach to two-phase

modelling are presented below.

In the early 1970s Crowe and Pratt (1972) presented a two-dimensional gas-particle
flow model using the tank and tube formulation, where the finite-difference volume
represented the tank and the particles traversing the volume, the tube. This
formulation required the differential equations to be formulated as vorticity and stream

functions. The disadvantage this causes is that mass transfer was not permutted. It also

implied that particles were assumed to occupy negligible volume.

Crowe et al presented a two-dimensional gas-droplet model in 1975. This model 1s
based on the concept first developed by Migdal and Agosta (1967) and treats droplets
as a source of mass, momentum and energy to the gas phase. Hence, 1t is known as

the particle-source-in-cell (PSI-Cell) model. Since it was first presented it has been

applied to simulate a variety of processes; spray drying, electrostatic precipitators,

cyclone separators, combustors, and coal-fired furnaces [Lockwood et al(1980)].

Recently a modified version of the original PSI-Cell model was used 1n a study on
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the flow characteristics and convective heat transfer of a freely falling curtain of

sphenical particles [Hruby et al(1988)]. This modification took into account the
buoyancy effect on the air and temperature dependent properties as well as the effect
of radiation. The predictions, which were compared with experimental results obtained
as part of the study, gave the correct trends for the velocity and temperatures for

isothermal air-particles. However, over-predictions were observed for the non-

1sothermal case. These were shown to be reduced with an adjustment of the drag-

coefficient used.

The viability of using two-phase mathematical models as design tools for gas-particle
flow meters was recently demonstrated by Shar.1a and Crowe (1989). The gas-particle

flow through a venturi was analysed using the quasi-one-dimensional model CONVAS

(CONservative VAriable And Source) whilst the PSI-Cell model was used to simulate
the two-dimensional orifice flow. This in itself shows how far mathematical models
have developed. Two-phase models are used as design tools to improve the design of

measurement techniques which, in turn are used to obtain better measurements to

model two-phase flow.

Several other groups have also been working with and developing particle tracking
routines. Boysan et al (1982) developed their own code to simulate cyclone separators.
As part of this model and due to the highly swirling flows associated with cyclone
separators account was made for turbulence modelling. However, it was assumed that
there existed no coupling effects between the gas and the particles due to the small
slip velocities and 1sothermal conditions. With this model good results were obtained
for the two primary design features of a cyclone separator; the pressure drop and the

grade-efficiency curve.
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In recent years the group has been involved in a variety of two-phase calculations
using the commercially available code FLUENT [Swithenbank et al(1987)]. This
computer package 1s capable of simulating three-dimensional, laminar or turbulent
flows including chemical reactions and radiant heat transfer as well as all three modes

of phase coupling.

Other researchers have included Abou Ellail and Khalil (1980) who presented a
combustion model for kerosene spray flames in which the droplets evaporated due to
convective heat transfer. The liquid fuel within a cylinder of a spark ignition engine
was simulated by Low and Baruah (1981) using a one-dimensional transient particle

tracking model. On.e again all three modes of coupling were taken into account.
Another one-dimensional model used to predict the pressure distribution in air-drilling

systems as used within the oil industry was presented by Sharma (1987).

These above examples show how diverse the field of two-phase modelling is, as well
as the complexities that some models can handle. However, with respect to fire-
sprinkler modelling the most notable work using particle tracking has been carried out
by Alpert [Alpert and Mathews (1979), Alpert (1985,1986)]. He used an extended

version of TEACH-T [Gosman and Pun (1973)], capable of dealing with two phases,

to simulate a range of steady-state two-dimensional axisymmetric interactions of fires
with droplet water sprays. The three modes of coupling were taken into considerauon.
In the series of investigations carried out he studied the effects of sprinkler spray
characteristics such as mass flow, inlet velocities and droplet diameters. He concluded

that the plume penetration is controlled by the ratio between spray and plume thrust

as well as a rato of median spray dropsize to critical dropsize that can be stopped

from falling by the plume.
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The Eulerian Method

The Eulenan-Eulerian two-phase approach is an extension to the one-phase Eulerian

method, whereby account has to be made of the volume that each phase occupies

within a single control-cell.

For the single-phase Eulerian approach, the complete volume or space of the control-
cell consists of the fluid under consideration: gas, liquid or solid. In the case of the
two phase approach the volume of a single control-cell is made up of a mixture of
gas and liquid, gas and solid, or liquid and solid, depending on the process simulated.

In that way, assuming that the cell does not consist of blockages, a simple space

sharing equation can be used to take into account the volume fraction of the cell

consisting of the various phases. This equation is:

r +r1, = 1.0 (1.2-1)

where r; 1s the volume fraction taken up by the first phase and r, the volume fraction
of the second phase. In that way if a control-cell consists of only one-phase, the set

of partial differential equations for the two phases converts to a single-phase system.

This approach has been embedded into the workings of two powertul computational
fluid dynamic code solvers; PHOENICS ([Spalding (1981), Rosten and Spalding

(1986)] and CASCADE [Patel and Cross (1989), Patel et al(1989)]. PHOENICS 1s a

commercially available code capable of modelling steady and transient, turbulent,
three-dimensional two-phase problems. CASCADE has been developed to be able to

simulate steady and transient, turbulent, two-dimensional multi-phase problems. The
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three modes of coupling are included in both codes.

The capabiliies of both codes can be seen by the variety of applications they have
been used for. Gosman et al (1976) simulated steady-state recirculating flow assuming
no momentum interaction. Kostamis (1987) performed a three-dimensional steady-

state study of the flow characteristics in the off-gas ducting system of a modern
industrial steel making plant. In this study he included the effects of turbulence on

the gas phase, chemical reactions and two-phase thermal radiation. Fenech (1987)

simulated an 1ron blast furnace using a two-dimensional steady-state model taking into

account heat transfer and momentum coupling.

These three cases used PHOENICS as their main equation solver, whilst the following
two examples utilised the capabilities of CASCADE. The processes carried out within
a fluidised bed were simulated by Patel and Cross (1989), who used the mula-phase

capabilities by modelling the effect of up to four different sized particles. Other multi-

phase problems simulated using the code include blast furnaces and iron ore pellet

induration systems [Patel et al(1989)].

None of the above cases were concemed with diminishing particles or droplets.
However, in the case of a liquid phase, evaporation sometimes needs to be accounted
for. In those cases the approach outlined above needs to be extended in order to
satisfy the laws of conservation. In 1982 Spalding published this extension calling it
the shadow volume fraction method. In this approach a volume fraction is evaluated
which represents the volume fraction which the liquid phase would have possessed
in the absence of evaporation. The velocities remain unchanged. To obtain these two

distinct liquid volume fractions two separate steps need to be performed. Firstly the
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conservation law of the second phase is evaluated including the mass transfer effect,

m. This is given by:

LXg,= Xg, - (1.2-2)

where r, 1s the volume fraction of the liquid and g, is the mass flow rate of the

second phase. The subscripts i and o denote inflow and outflow from a control

volume.

The second step involves the calculation of the shadow volume fraction, whereby
equation (1.2-2) is evaluated but excluding the effect of the mass transfer. I ence, the

equaton solved for is:
I, 2 g8, = I, X gy (1.2-3)
where 1, 1s the shadow volume fraction.

This capability, which has been built in to the algonthms employed within
PHOENICS, has been used to simulate the steady-state effect of spray cooling of
combustion products [Kircaldy and Markatos (1982)]. It has also been employed to

investigate the ignition of granulated propellants within a gun barrel [Markatos and

Kircaldy (1982)].

The latter model is able to predict the formation of the pressure waves generated
within a gun barrel as well as the spread of flames along a bed of small grain

propellants. Due to the combustion and hence diminishing size of the powder the
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space-sharing equation was implemented. The results obtained were physically realistic

however no experimental data was available for comparison.

The work carmied out by Kircaldy and Markatos (1982) on spray cooling of
combustion products was with respect to the exit of hot gases from a combustor. It
was proposed to cool these by spraying cooler water into the very hot gas stream.
The flow considered was two-dimensional two-phase steady-state with interphase heat

and mass transfers. This study was used as an initial basis for the three-dimensional

steady-state two-phase model and calculations presented in chapter 4 and 5

respectively.
Summary

It 1s clear that a considerable amount of research has been carried out implementing

the two distinct two-phase methods. A brief summary of the methods 1s given below.

The Lagrangian methods uses Newton’s law of motion to calculate the velocites of
every individual particle within the flow field of a continuous fluid. Integration of the
velocity with time gives the trajectories, so that the particle velocities and locations
can be used to obtain the mass, momentum and energy transfers of the solid to the

fluid and vica versa. However, the actual volume of the particle is neglected in order

for the general equations of the fluid not to be weighted.

Hence, it can be concluded that this approach provides more details on the particle
phase, yielding the trajectories and residence time of the particles within the flow.

Furthermore, a range of particle sizes can be solved for concurrently. However,
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convergence problems occur in cases when particle loadings are high [Durst et

al(1984)].

The Eulenan approach treats the dispersed particles as a continuum. This implies that
there are two fluids present differentiated by considering the volume concentration of
each phase. Hence, the resulting set of general transport equations are weighted by

this factor in order to take into account the two fluids flowing through each control

volume.

One of the main advantages of the Eulerian approach is that it is able to provide
converged solutions fo. flows with high particle concentrations and density differences
between the particles and the fluid. A drawback experienced with this technique 1s
that generally only an average droplet diameter can be solved for. Though the
extension to IPSA by Patel and Cross (1989) enables the effect of mula-sized

particles to be solved for but at the expense of computing storage and tme.

1.4 Contributions of the Present Study

As the field of fire modelling and experimentations have now reached a stage where
models are used as design tools and a plethora of data has been collected, attention

is beginning to be focused on the sprinkler system. It has become apparent over the
last few years that not enough is known about the processes of sprinkler activation,
the effect of flow rate on the smoke layers, the effect of droplet characterisucs and
overall cooling effects of the fire atmosphere. However, wide interest has now been

focused both in the UK and the U.S.A. on studying the distinct aspects which are
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part of the sprinkler process. Just as mathematical models were developed alongside,

or following full-scale fire experiments, sprinkler models and fire-sprinkler interaction

simulations are now developed utilising the data as it becomes available.

In the short review on current sprinkler models and the mathematical techniques
available for dealing with concurrent gas and water phases, it could be seen that a
variety of different models have already been developed. However, as yet no model
using the volume fraction approach has been developed to simulate the fire-sprinkler
Interaction phenomena. The amount of computer resources available was probably a

major hinderance. Now, as suitable computer power with the development of parallel

computer technology becomes more readily available, this method can be further

developed and researched.

The work presented was carried out to show that this alternative approach is now
available as well as to develop a prototype. It can only be described as a prototype
due to the knowledge and data available during this project. However, as more
experiments are carried out, vital data for further validation 1s obtained. Hence, the

prototype presented within the following chapters can be modified in order for its

future versions to be used as a design tool by architects and fire engineers.

1.5 OQOutline of Thesis

This thesis consist of six chapters.

Chapter 2 1s devoted to single-phase fire modelling. For completeness, outlines of the
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physical and mathematical modelling of a steady-state as well as transient fire within

a compartment are provided. This includes the single-phase governing partial-

differential equations along with the auxiliary équations, such as heat losses to the

walls, turbulence and boundary conditions. The numerical solution procedure,

SIMPLEST, employed to solve the set of equations is highlighted. A derivation of the

finite-domain equations is given.

The predictions obtained implementing the fire models are presented in chapter 3,
whereby comparisons with experimental data are made whenever possible. For the
steady-state simulation a fire within an open office-sized room was used. The cases

considered for the transient studies were a bed fire within a closed hospital ward

room and a corner fire within an open office-sized compartment.

The two-phase steady-state and transient fire-sprinkler models are presented in chapter
4, whereby the outline of the chapter closely follows that of chapter 2. Due to the
more complex nature of the phenomena investigated, the auxiliary equations now also
include interphase heat and mass transfer and interphase friction. For the two-phase

model the solution procedure IPSA was employed. This algorithm 1s outlined, along

with details concerning the computer resources utilised.

The results obtained by implementing the two-phase models are detailed in chapter
5. The format and order of the results presented closely follows that of chapter 3 to

ease comparisons with the single-phase results.

In the final chapter the main conclusions of this study are presented along with some

suggestions for future work.
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Chapter 2

Single-Phase Modelling
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Chapter 2 Single Phase Modelling

2.1 Introduction

The modelling of fire spread within a compartment presents a formidable challenge
due to the number of underlying physical processes such as turbulent buoyant
convection, radiative heat transfer and combustion which are difficult to model. A
considerable amount of numerical computations have already been carried out to study
the various aspects of the fire phenomena [Markatos et al(1982), Kumar and Cox
(1985), Hoffmann and Markatos (1988), Galea and Markatos (1989)]. Within the
studies carried out for this thesis the physical pr blem concems the movement of
combustion products within single three-dimensional enclosures, though the theories

can equally well be applied to multi-compartment lay-outs. The flow is dominated by
buoyancy and the turbulence serves to promote the rate of diffusion of heat, mass

and momentum.

Radiative heat transfer and combustion have not been included in any part of the
simulations. There are several reasons for these omissions. Firstly, an earlier study
[Hoffmann and Markatos (1988)] showed that radiation for enclosure fires with a
maximum heat release rate of about 80kW was not a significant factor of heat
transfer. Furthermore, at this early stage of model development the priority was to
obtain gas temperature stratifications and velocity flow fields which were used as

initial conditions for the second stage of this study. Combustion could be added at

a later stage once confidence in the model has been obtained.

The starting point of the present analysis is the set of partial differential equations



that express the conservation of mass, momentum and energy and other fluid

variables. These differential and empirical relations are presented both for steady-state

and transient conditions in this chapter.

For completeness and clarity the chapter has been divided into six main sections.
Sections 2.2 and 2.3 are devoted to the steady-state and time-dependent equations and
relations, respectively. Within each of these sections the dependent and independent
variables are highlighted; the equations for conservation of mass, momentum. and

energy are presented in the general form. The auxiliary equations necessary for

completeness of the model are also illustrated.

Within section 2.4, prior to presenting the solution procedure, the set of conservation
equations are integrated over a typical control-volume to form a set of algebraic
equations. For completeness, the time-dependent equations are discretised in full and

the steady-state discretisations quoted. These equations can be solved for iteratively.

The solution procedure SIMPLEST was used to evaluate the algebraic equatons. Its
algorithm used for solving the set of differential equations is described in section 2.5

along with the computer package PHOENICS used for this study.

2.2 The Steady-State Fire Model

2.2.1 Introduction

The partial differential and auxiliary equations used to model a steady-state single
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phase fire scenario within a single three-dimensional compartment are presented within

this section. Additional information on physical processes covered will be given as

necessary.

2.2.2 The Dependent and Independent Variables

The independent variables used are the width, height and length; x, vy and z of a

cartesian co-ordinate system.

The dependent variables solved for are the velocities of the gas in the three space

directions u, v, and w, the pressure p, the gas enthalpy H and the turbulence kinetic

energy k and 1its dissipation rate €.

2.2.3 The General Differential Equations

A physical situatnon involving fluid flow 1s governed by the conservation principles
of mass, momentum, energy etc. These principles can be expressed in terms of

differential equations which possess a common form. The form of the steady-state

generalised conservation equation 1s:

div( pVO - I'pgradd ) = §, (2.2-1)
T T T

convection diffusion source

where @ represents the dependent variables such as H, k, etc. p represents the density
of the phase, V is the velocity vector of the three velocity components. [, 1s the

diffusion coefficient which represents the general fluid properties such as viscosity
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or conductvity. The source term S, deals with the general forces acting on the fluid

such as heat generation or heat losses.

Although the behaviour of any dependent variable & is governed by equation (2.2-

1), the mass tflow rate must satisfy an additional equation.

This 1s the continuity equation of the flow field which is:

div( pvV ) =0 (2.2-2)

In that way the pressure field which enters the source terms of the momentum

equations must adjust so that the resulting velocity field satisfies the continuity

equation [Patankar (1981)].

2.2.4 The Conservation of Mass Equations

In order to satisfy the mass-conservation principle, the density and velocities obey the

following equation:
div( pV ) = S (2.2-3)

where p represents the density of the gas phase, and V is the velocity vector of the
three velocity components. S represents the source/sink term of the equation. In this

particular situation, as no mass 1s created or destroyed S is taken to be zero.
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2.2.5 The Conservation of Momentum Equations

The conservation equation of momentum for the gas phase is given by:

div( pV® - T'pgradd ) = S, (2.2-4)

where @ stands for u, v, and w. T, is the diffusion coefficient. The source terms for

the three velocities, S, are given in Table 1.

2.2.6 The Conservation of Energy Equations

Let H stand for the gas enthalpy per unit mass. Then the conservation of energy

equation for the gas phase is given by:

div ( pVH - (A/Cp) gradH ) = S, (2.2-5)

The term on the night hand side is the source term which prescribes the rate of heat

released by the fire source.

2.2.7 The Auxiliary Relations

In order to complete the mathematical formulaton the above set of differential
equations have to be solved for in conjunction with the algebraic relations and
correlations observing the constraints on the values of the vaniables. These relations
deal with the setang ot the fire source, the modelling of the turbulence and general

boundary condittions such as heat losses through the walls. These are essential to
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obtain realistic predictions and are presented below. Other physical flow constants

such as density are detailed in Appendix 2.

Kire Source

The source of fire was modelled as a volumetric source of heat. No combustion of
the burning material was considered. For the steady-state simulation a constant heat
release rate was assumed. The exact details can be found in section 3.2. The effect
of radiative heat transfer was not taken into consideration as previous studies

[Hoffmann and Markatos (1988)] showed that radiation was not a significant factor

for heat transferred within an enclosure fire of this : ature.

It should be noted here that the general flow of heat was calculated in terms of
enthalpy. However, it is more convenient to think in terms of temperature. Hence, the

enthalpy was converted into temperature using the following relationship:

H=Cp*T (2.2-6)
where Cp is given by the equations [Kumar (1935)]:

if 275.0 < T, < 550.0
Cp = 1005.7 *(2.325E-2 * (H/H,)? - 2.794E-2 * (Hy/Hg) + 1.004)

if 550.0 < T, < 1300.0
Cp = 1005.7 *(-5.454E-3 * (H/H,)? + 8.449E-2 * (H/H,) + 0.8934)

(2.2-7)
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Turbulence Modelling

Turbulence 1s the most complicated” type of fluid motion making its precise definition
difficult [Bradshaw (1978)]. However, it is this phenomena which forms a significant

part In most flow processes, including the present one. A fire produces flow

dominated by buoyancy. The turbulence created serves to promote the rate of

diffusion of heat, mass and momentum.

It 1s generally accepted that turbulence can be described by the Navier-Stoke
equations, which express the principle of viscous stress directly proportional to the
rate of strain. Though thic is the simplest description of turbulence, in practice the
evaluation of these equations is not always feasible. As turbulence is a fully three-
dimensional phenomena, with processes such as the creation of eddies taking place
In very small time- and space-scales prohibiti?ely large computer processing time and

storage would be required.

Hence, with the advancement of high-speed computers the turbulence phenomena has
now become an important research area in its own right. The main aims of these
projects are to obtain a clearer understanding of the processes mnvolved as well as to

obtain mathematical relationships which could simulate this complex phenomena.

A number of different types of turbulent models have already been developed aimed
at simulating as much detail of the turbulent motion as possible. These models fall
into several broad categories; zero-, one-, and two-equation models, stress-equation

models, large-eddy simulation or even the relatively new area of two-fluid model

analysis. The difference in their approaches as well as their validity have been
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reviewed by several authors including Launder and Spalding (1972), Reynolds and
Cebeci (1978), Markatos (1984/85) and Leschziner (1989). Kumar (1983) in a review
concerning mathematical modelling of the fire phenomena, discusses the distinct

approaches to turbulence modelling from a fire engineers point of view.

In order to account for the effect of the turbulence created by the fire the popular
two-equation k-€ turbulence model [Markatos (1984/5)] suggested by Harlow and
Nakayama (1967) was used. This model involves two transport equations for the
turbulence characteristics. One of these equations governs the distribution through the
fluid of the local kinetic energy of fluctuating motion, k; the other governs a

_Irbulence characteristic of different dimensions, namely €, the energy dissipation rate.

The transport equation for k is:

div ( pVk - (U./0,) gradk ) = §, (2.2-8)
The transport equation for € is:

div ( pVe - (U4/C.) grade ) = S, (2.2-9)

The source terms, S, and S, are defined in Table 1.

For turbulent flow the laminar viscosity, W, is replaced by an effective viscosity, W.q,
given by:

Mee = Hh T Hy (2.2-10)

The turbulent viscosity, W, described by the turbulence energy k and 1ts turbulence

dissipation rate &, 1s given by:
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h=Cpk (2.2-11)
The five empirical constants used are:
C,=14;C=192;C=00;0,=10;0.=13

These constants were first recommended by Launder and Spalding (1974) for free

turbulent flows but since then they have been used satisfactory for strongly buoyant

flows [Markatos and Cox (1982)].

Boundary Conditions

In order to complete the mathematical model initial and boundary conditions need to

be specified which take into account the effects of walls and free boundaries.

The Wall Conditions

For all walls of the compartments considered, the no-slip condition is applied to the

velocity. In that way all velocity components except the velocities parallel to the

wall are set to zero.

However, as the flow field created by a fire 1s turbulent, the viscous effects
generated near the walls need to be accounted for. These flow properues vary
greatly in the near-wall region. Launder and Spalding (1972) derived an algebraic
logarithmic law of the wall which is able to take into account the vanations of the

flow and the turbulence quantities across the wall layer. This method provides an
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algebraic relation for the grid points near the wall though sufficiently distant from
the neighbouring walls so that they lie within the logarithmic layer. For this region

the velocity variations are given by:

u = u/k In( Ey*) (2.2-12)

where X 1s the von Karmman constant taken as 0.42, and E is the function of the

wall roughness, taken to be 9.0 to assume smooth walls. y* is the dimensionless

distance from the wall, given by:

y' = pud/ U (2.2-.3)

If y* 1s less than 11.5 we are within the laminar sub-layer where the log-law is ..ot

applicable.

O is the normal distance from the wall and u, is the friction velocity defined as:

u, = ( TJ/p )" (2.2-14)

T, is the wall shear stress, which 1s given by:
. =G p k (2.2.15)
The dissipation rate, €, in the near wall layer 1s obtained from:
e=C,*K*"/xd (2.2.16)
The skin-friction factor is deduced from the implicit log-law:

( 0.435/In( 1.01 + 9.0*Re*s'?) )? Re > 132.5
1.0/ Re Re < 132.5 (2.2-17)
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For the enthalpy calculations near the wall the friction factor, (Stanton number) is

deduced from Couette-flow analysis which gives:

St = s/(Pr(1.0 + P*s'?)) (2.2-18)

where Pr, is the turbulent Prandtl number and P is given by:

P = 9.0%( Pr/Pr, - 1.0)*(Pr/Pr_ )" (2.2-19)

The above evaluation of the Stanton number is valid for Re>132.5. In the cases

when Re<132.5 the Stanton number is given by:

St = S/Prlm (22'20)

The Free Boundary Conditions

From experience obtained from previous fire simulations [Markatos et al(1982), Cox
and Kumar (1987), Galea and Markatos (1987,1)] the flow domains are extended
outside the compartments of interest for computational purposes only. On the
resulting free boundaries a fixed pressure boundary condition was imposed in order

that the flow may enter or leave the domain depending on the pressure field.



2.3 The Time-Dependent Fire Model

2.3.1 Introduction

A model for the case of a ime-dependent fire situation is presented in the following

sub-sections, whereby frequent references will be made to the previous section to

avold unnecessary repetition.

2.3.2 The Dependent and Independent Variables

The dependent variables sol.ed for are the same as described in section 2.2.2. The

independent variables used are the width, height and length; x, y and z of a cartesian

coordinate system, as well as the time, t.

2.3.3 The Differential Equations

The partial differential equations used for the time-dependent study are of the same
form as used for the steady-state analysis, see sections 2.2.3 to 2.2.6, except for the
addition of the appropriate transient term. In that way the common form of the

generalised conservation equation 1s:

3 (p® ) + div( pV® - Tegrad® ) = S, (2.3-1)
ot

T T T T

transient convection diffusion source
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2.3.4 The Auxiliary Relations

In order to complete the mathematical time-dependent model the above set of
equations need to be solved for in conjunction with algebraic correlations. These
expressions deal with the rate of heat released by a fire source, the modelling of

turbulence created by the buoyant flow created by a fire, as well as the heat losses

through the walls.

Fire Source
As 1n the case of the steady-state simulation the fire source was modelled using a
vo.umetric heat release rate. However, as the fire grows with time the heat release

rate was adjusted accordingly with respect to time. The exact time-dependent heat

release rates used can be found in more detail in section 3.3.

Turbulence Modelling
The two-equaton k-g turbulence model described in the auxilhiary section 2.2.7 for

steady-state fire simulation was modified to take into account the time-dependent

effect.

The time-dependent transport equation for k 1s:

d ( pk) + div ( pVk - (U0, gradk ) = S, (2.3-2)
ot
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The time-dependent transport equation for € is:

g_ ( pe) + div ( pVe - (L4/0.) grade ) = S, (2.3-3)
t

For turbulent flow the laminar viscosity, W, is replaced by an effective VISCOSItY, M.g,
given by equation (2.2-10). The turbulent viscosity, W, is given by equation (2.2-11).
The five empirical constants used remain the same as for the steady-state. The source

terms are defined in Table 1.

Wall Heat Transfer

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 Spalding (1974). A similar approach for the flux
of heat to the walls has been found to under-estimate heat loss in fires [Kumar et al

(1986,1,11)]. Experience has indicated that satisfactory solutions may be obtained by

combining the heat loss effects together in a local empirical transfer coefficient. This
method was suggested within the Harvard Zone Model [Mitler (1978)], and applied

within several fire models [Hoffmann and Markatos (1988), Kumar et al(1986,1,11)].
It 1s based on the assumpton that the heat transfer coetficient, a, vanies linearly with

temperature between the ambient temperature, T, and (T, + 100), and has fixed values

outside this range. The relaton used was:

T =T,
T, < T < T,+100 (2.3-4)
T

> (T, + 100)
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