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Abstract—This paper considers an extension of the fire field modelling technique to include two-phase fire-
sprinkler scenarios—namely the interaction between hot combustion gases and the sprinkler spray. The
two techniques currently available to simulate a spray, namely the Lagrangian particle-tracking method
and the Eulerian volume-fraction method, are discussed. The mathematical basis of a transient three
dimensional computer model based on the latter type is described within this first part.

1. INTRODUCTION

THE DESTRUCTIVE powers of uncontrolled fires can be
seen daily [1]. These result in around a thousand
deaths and in excess of £600 million worth of property
loss a year in the United Kingdom alone. Because of
these grim statistics the mathematical modelling of
fire and smoke spread in enclosures has received a
considerable amount of attention. This has led to
the development of two distinct modelling strategies:
zone and field modelling [2]. The Harvard Fire Code
[3] and JASMINE [4] are examples of these two
methods.

Fire 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 development.

While the mathematical modelling of fire sup-
pression is a relatively recent activity, the idea of using
suppressants such as water to control and quench fires
is as old as time. The first recorded use of a purpose
built fire suppression system to protect a building
occurred in 1812, when the proprietors of the Theatre
Royal Drury Lane, London installed a prototype
sprinkler system [5]. Today, the use of automatic
sprinkler systems is widely accepted as the most
effective means of automatic fire protection [6].
Insurance statistics show that only four percent of
reported losses occur on sprinklered premises {7]. In
fact, sprinklers successfully control or extinguish fires
in 98.5% of cases [8] and often extinguish fires before
the arrival of the local fire brigade [9, 10].

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.

The design, location and installation of these
devices rely on physical experimentation and experi-
ence. The amount of human and financial resources
required to carry out full-scale testing with completely
fitted enclosures can be extremely expensive.
Additionally, it is not always possible to conduct
sufficient fire tests to adequately deal with all alter-
natives, such as the nature and position of fire sources,
ventilation configurations and sprinkler options.

The mathematical modelling of fire-sprinkler sys-
tems provides a means to overcome these difficulties.

2. REVIEW OF FIRE-SPRINKLER MODELLING

The study of fire-sprinkler interaction can be div-
ided into the investigation of two main physical phases
and their interaction. These are the gas phase, involv-
ing 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. As in the case for fire
modelling, two distinct approaches have been
developed to deal with various aspects of these inter-
acting phases; the established method of ‘back of
envelope type calculations’ which now have been
largely computerised, and a more fundamental
approach.

2.1. Established models

The processes governing the interaction between
the two phases have been studied extensively. During
a series of experiments Rasbash [11] studied the effect
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NOMENCLATURE

A total surface area in control cell [m?] T temperature [K]
A, total projected surface area [m?] Vv velocity vector
b mass transfer coefficient [ms '] Vap  slip velocity [ms™']
¢ concentration of water vapour [kg m™"] Vol  volume of the cell [m"].
Ch drag coefficient
Cp  specificheat [T kg ' K™'] Greek symbols
d droplet diameter [m] r diffusion coefficient
D diameter of firc source [m] & turbulence dissipation ratc of K [m”s™']
F interphase friction force [N] /. thermal conductivity [Wm~™' K]
h enthalpy [J kg '] v laminar kinematic viscosity [m”s™']
i heat transfer coefficient [Wm~2 K '] P density [kg m™*]
hum  relative air humidity [%)] ] general dependent variable.
k kinematic turbulence kinetic energy

[m?s™'] Subscripts
/ flame length [m] g gas phase
L latent heat [J kg™ '] i refers to phase in question; g or |
m rate of mass transfer [kgs™'] 1 liquid phase
M molecular weight [kg kmol '] ] surface
p pressure [atm} sat saturation.
g rate of heat transfer [W s~ ']
0 total fire heat release [W] Dimensionless numbers
r volume fraction of phase considered Nu  Nusselt number
R, universal gas constant, 8.314 % 10° Re Reynolds number

[J kmol~' K] Sc Schmidt number
S source term Sh Sherwood number.

of water sprays on fires in order to be able 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 Bullen
{12]. 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 water spray on the smoke layer, not considered
by Bullen, was studied by Morgan [13]. 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.

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 [14]. 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 con-
ditions. Evans and Stroup [15] produced the computer
model DETACT-T2 capable of calculating the time
required for a ceiling mounted heat and smoke detec-
tor to respond to a growing fire. A recently published

package FPETOOL [16] is a further example of com-
puterised engineering equations and models. It
addresses problems related to the fire development
and the resulting conditions within a building includ-
ing means of calculating activation of sprinklers and
detectors.

2.2. Fundamental models

A more thorough approach incorporates more fun-
damental relationships such as mass conservation and
Newton’s Law of motion. These are used to study
aspects such as the temperature distribution within a
compartment due to a fire, or even the movement of
the droplets injected through a sprinkler nozzle. In
this way some of the empiricism inherent in the more
established models may be eliminated.

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

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

A model developed by Gardiner [17], which he
describes as a quasi-zone-field model is capable of
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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 sprink-
lers 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 1o show the complete
physical and thermal histories of the spray including
the number of drops which have evaporated or hit
the boundaries. More importantly, the effect on the
smoke layer can be seen as the spray passes through
1t.

The interaction between fire-induced air flow and
water sprays can also be dealt with using two distinct
approaches as cxtensions 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 by taking into account the various
forces they experience. The effect that the particles
have on the gas phase is taken into account by intro-
ducing appropriate source terms in the gas phase
conservation equations. This approach is known as
the Lagrangian or particle tracking method. Alter-
natively, the two phases may be treated as two inter-
spersed continua occupying the same space, their
share of space being measured by their volume frac-
tions [18]. It is then necessary to solve the appropriate
continuity equations for the fluid and the particulate
phases. This approach is known as the Volume Frac-
tion or Eulerian method.

The treatment of the continuous phase is not dis-
cussed here as both methods deal with itin an identical
manner common to all fire field models [19-21].

Any model simulating suspended droplets within a
gas fleld 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.
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2.3. The Lagrangian method

The first reported application of this technique is
due to Migdal and Agosta [22]. They derived a system
of differential equations from the basic laws of mass
conservation and thermodynamics, to describe the
dynamics of gas—particle systems in one-dimension.
Within this system the gas phase was treated as a
continua, while the particles, which were assumed to
be finely dispersed, were treated as a continuous sys-
tem of sources/sinks to the gas phase.

The Particle-Source-In-Cell (PSI-Cell) model of
Crowe et al. [23] is a two-dimensional extension
of the work of Migdal and Agosta. This model has
successfully been applied to simulate a variety of pro-
cesses including; spray drying, electrostatic pre-
cipitators, cyclone separators, combustors, and coal-
fired furnaces. However, the technique is limited to
low-turbulence, low-droplet-concentration situations
[24-26]. This last restriction is primarily due to the
significant computational effort required in cal-
culating high-droplet-concentration flows.

With respect to fire-sprinkler modelling early
notable work using particle tracking was carricd out
by Alpert [27-29]. These models utilised an extended
version of the computer code TEACH-T [30]. 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 inte-
grating the equations of motion for each of the drop-
lets 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 Fong (31, 32]. 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 con-
sidered only momentum and heat coupling between
the phases as the effect of evaporation is much smaller
than the convective part. The sprinkler discharge pat-
tern was simulated as a constant hollow cone which
was assumed to be unaffected by the air flow and hence
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 of which were active during the simu-
lation. The numerical grid fitted to the enclosure con-
tained 8721 computational cells and required 20 hours
of CPU time on a VAX 6420. The results 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.

2.4. The Eulerian method
The Eulerian Volume Fraction two-phase approach
is a natural extension to the standard single phase
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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 com-
plete volume or space of each control-celi consists of
the fluid under consideration: gas or liquid. 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 this 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. 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.

This approach has been embedded into the work-
ings of PHOENICS (33, 34], a computationai fluid
dynamic code capable of modelling steady and
transient, turbulent, three-dimensional two-phase
problems.

The two-phase capabilities of PHOENICS have
been demonstrated in a number of applications. Gos-
man ef al. [35] simulated steady-state recirculating
flow assuming no momentum interaction. Kostamis
[36] performed a three-dimensional steady-state study
of the flow characteristics in the off-gas ducting system
of a steel making plant. In this study he included
the effects of turbulence on the gas phase, chemical
reactions and two-phase thermal radiation. Fenech
[37] simulated an iron blast furnace using a two-
dimensional steady-state model taking into account
heat transfer and momentum coupling.

The two phases are treated as two interspersed con-
tinua occupying the same space, their share of space
being measured by their volume fraction. The two
phases interact with each other via friction, heat and
mass transfer, and the calculations are dependent on
the amount of each phase within each control volume.

In order to simulate processes which involve mass
transfer between the two phases, modification to the
standard procedure is required. Known as the shadow
volume fraction method [38] this technique evaluates
a further volume fraction as if no mass transfer had
occurred. With the help of 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 com-
bustion products [39] and the ignition of granulated
propellants within a gun barrel [40].

Of more direct interest is the application of the
technique to fire-sprinkler systems. The technique has
been applied to the steady-state [20, 41] and transient
[20, 42, 43] 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 sub-
sequent to sprinkler activation. Liquid water con-

N. A. HorrManN and E. R. GALEA

centrations as well as velocity and temperature dis-
tributions 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.

In the remainder of this paper details of the above
method will be outlined. The model considers the
interaction between a sprinkler spray and combustion
gases. The interaction between the flames and the
spray and the subsequent cooling or even extin-
guishment of the fire are not considered at this stage.
In addition, as the fire is treated as a volumetric heat
source the effect of the water spray on unburnt fuel
is not considered. Applications of the model to two
distinct fire-sprinkler scenarios can be found in detail
within a later publication.

3. THE MATHEMATICAL PROBLEM

The model consists of a set of non-linear partial
differential equations describing the flow, heat and
mass transfer, and the volume fractions of two inter-
acting 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
non-uniform buoyancy forces not only drive this flow
but also increase turbulent mixing in the rising plume
and inhibit it in hot stratified layers. The droplets that
are injected into the above field are 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 processes between them.

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 Navier-Stokes equations, of
which there are six) ; the equations for conservation
of energy for each phase ; species concentration (water
vapour) ; and the equations for a turbulence model—
in this case the k—¢ model with standard constants
[44]—for the gaseous phase only. In total there are
thirteen equations which define the basic model com-
pared with seven in the standard volumetric heat
source field model. Considerably more computer
power is required to solve this enhanced set of equa-
tions. In addition, SIMPLEST [18], the standard
numerical procedure used to satisfy continuity and
solve the equations, must be modified.

3.1. The dependent and independent variables

The independent variables used are the width,
height and length ; x, y and z of a cartesian co-ordinate
system.

The 15 dependent variables requiring solution are
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the six velocity components (u,, v,, w,) for the gas
phase and (u,, v,, w,) 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, h, and A, respectively, along with the con-
centration of water vapour within the gas phase, c.
The gas and liquid volume fractions r, and r, are
solved for including the effect of evaporation. The
‘shadow’ volume fraction, r,, is the volume fraction
in the absence of evaporation. Finally the turbulence
kinetic energy and dissipation rate of the gaseous
phase (k,&). Turbulence in the liquid phase is
neglected. The ‘shadow’ volume fraction technique
allows us to evaluate the diminishing droplet size
during evaporation [38].

3.2. The governing differential equations

The transfer of heat and mass is 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 generalised conservation equation is:

]
3 (rip®)+div (rip Vi, —r g grad ®) = r,Sq; (1)

T i
transient convection diffusion source

where @ represents a general fluid property such as
velocity or enthalpy. p represents the density of the
phase, V is the velocity vector of the three velocity
components. [y, is the diffusion coefficient which rep-
resents the general fluid properties such as viscosity
or conductivity. The source term S, deals with the
general forces acting on the fluid such as heat gen-
eration or heat losses. r is the volume fraction and the
subscript / refers to the phase in question; gas (g) or
liquid (1).

3.3. The conservation of mass equations
The pressure variable is associated with the con-
tinuity equations:

G,

E (rip) +div (r,p, V) = 1.S; 2
where the volume fractions are related to each other
by the space sharing condition :

rg+r = 10. ’ 3)

The source/sink terms S, take into account the mass
transferred between the two phases due to the evap-
oration of the particles.

3.4. The conservation of momentum equations
The conservation equation of momentum for the
gas and liquid phases is given by :

0
E(’iﬂi)‘i'div (ripiV @ —rlg grad ®) = S (4)
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where @ stands for u, u, vy, 1), wg and wy. The source
terms for S, are given in Table 1.

3.5. The conservation of energy equations
The conservation of energy equation for the gas
phase is given by:

I4
a1 (rip)+div (r;p,Vih;—ri(A4,/Cp;) grad i) = S, (5)

The term on the right hand side is the source term
which prescribes the rate of heat transferred from one
phase to another.

3.6. The auxiliary relations

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 control-
volume and that the droplets are spherical. The last
assumption is not essential but simplifies the nature
of the empirical input [20].

3.6.1. The interphase-friction coefficient. The ability
to predict the interphase drag or the relative velocity
between phases is of considerable importance for
modelling a two-phase system, as the use of a reliable
interphase drag correlation can significantly affect the
results.

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

F=05+Cpp,x A« V3, (6)

where p, is the density of the gas phase, 4, is the total
projected area of the liquid phase present within a
control-volume given by the equation:

Ay, = (1.5%r* Vol)/d ™

where Vol is the volume of the cell and 4 the droplet
diameter.

Vaip is the slip velocity between the phases cal-
culated by the function:

Viip = \/{(ug_ul)2+(vg_"’l)z+(wg+wl)2}' 6]

In a study by Clift and Gauvin [45] they show
that the drag experienced by a solid particle moving
through a fluid is dependent on a number of factors
such as turbulence and particle shape. Their equation
which takes these factors into account and is appli-
cable for Re < 10° is given by:

24
Cp = 7" (140.15+ Re®%%7)

0.42
Y 105425%10° % Re- "1

®



1440 N. A. HorrmanN and E. R. GALEA
Table 1. The diffusion coefficients and source terms for the two-phase conservation equations
D Iy Se
| 0 0 (continuity)
y P P Y b (a2 + L e ) P — ) +
3 Herr - é;rg-*' K Hesr ox + 6_1' Hen ox o= He ox U — Uy 1
9, .
u, 0 — 3-,\: ry— F(u, — u,) — rine, + source of particle momentum
EM
op 0 du 15 ov 0 ow .
by Hem - arﬁ' a(#cﬂ' a—y> + 5(!@5) 3 Hen gy —9(p— peer) + Fly—vg) + i,
I 0 — g—,:r, — F(v,—v,) —ri;+source of particle momentum
" p @ ou : ov é ow F i
e Her —atap\ sy +5 e oo f+ o\ Her g |+ () — ug) +miwy
Wy 0 — P_[j ri— F(w, —w,) —riw, +source of particle momentum
H, Fram/ Priym + 1/ Pry §+{(Cintg + max (0,m)) » (H,,— H,)]
H, 0 [(Cint; + max (0, —r1)) * (Hy,— H,)]
k Men/ Pr Gk~ pe+ Gy
2 Herr/ Pr, (e/k)[(Gx +Gp)Ci— C1pé]
where

G = (e {2[(Bu/dx)* + (0v/dr)* + (Bw[02)?] + [(Bufdz) + (Ow/Ex)]?
+ [(Bw/3y) + (0v/02)]* + [(Fu/Sy) + (dv/Ox)]*}

d
G, =HI%
p oy

where Re is the particle Reynolds number given by :

Re=dx Vv (10)

where v is the laminar kinematic viscosity.

Mass flux from the surface can reduce the drag
coefficient [20, 46]. 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
drag [47].

In the case where the particles enter the flame the
drag coefficient is re-calculated using [11]:

Cp = 18.5% Re~ "¢, (an

In order to know exactly when a droplet enters the
flame, the length of the flame, /, needs to be known.
This length is calculated from the relationship for
enclosure fires [48]:

[=0.23+(Q/1000)**—1.02% D (12)

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

3.6.2. The interphase-heat transfer coefficient. Heat
is exchanged between the hot gases and the cold water
droplets. Central to the following treatment is the
concept of an interface between two phases, with tem-

perature T,. Then, using this third temperature, the
rate of heat transferred from the gas to the interface,
4. and from the interface to the particle interior, 4, is
evaluated using the relations:
Gy = hy*x A(T,—T,)
G = ﬁl * A(T,—T)

(13)
(14)

where /i, and 4 are the heat transfer coefficients
between the gas and the interface, and the interface
and the liquid respectively. The temperatures T, and
T, are given by :

For the gas phase:

T, = h/Cp, (15)

For the liquid phase:

T, = h/Cp, (16)

where Cp, and Cp, are the specific heats of the gas
and liquid phases respectively.

The interphase or particle surface temperature (T)
is obtained from an energy balance over a control-
volume enclosing the interface [36, 40]. It is assumed
that mass transfer occurs with respect to the surface
temperature. Taking into account equations (13) and
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(14) it can be shown that T; is given by :
3 h T, +hT,
" hy+h+m(Cp—Cp)

It may be noted here, that the above heat transfer
relations, (13) and (14), are based only on convection.
Previous studies [11, 49] to evaluate the importance
of radiation on particles, concluded that for droplets
of about one millimetre in diameter, the magnitude of
radiation absorbed is negligibly small.

When mass transfer takes place the latent heat of
evaporation is accounted for in the mass and heat
transfer balances.

The heat transfer coefficient from the gas to the
nterface, q, is:

amn

hy = Nux A /d (18)

where Nu is the Nusselt number. Due to the relative
motion of the fluid, the local heat transfer coefficient
depends on the velocity and the temperature profile.
From experimental investigations a number of cor-
relations have been obtained for different flow con-
ditions and geometries of the objects suspended within
the fluid. The correlation used within this model to
calculate the heat transfer between the gas and the
evaporating water droplets is [50]:

Nu=20+0.6Re"? Pr'/3. (19)

The heat transfer coefficient, @, is evaluated
assuming a cubic temperature distribution within the
particle given by [40]:

34
b = 2 (20)
where 4, is the thermal conductivity of water.

3.6.3. The interphase-mass transfer coefficient. Mass
transfer involves the transportation of a mixture from
a region of higher to an area of lower concentration.
If this transport is due to the motion of a fluid it is
said to be convected. In this study, the rate of mass
transfer, the evaporation of small water droplets
within a hot gas atmosphere, is due to the con-
centration difference between the hot dry air produced
by the fire and the saturated concentration level of the
droplets. The equation governing the rate of mass
transfer is analogous to the interphase heat transfer
coefficients discussed in the previous section. Hence,
the interphase mass transfer equation is given by :

@1

where b is the mass transfer coefficient and ¢; and ¢,
are the concentration of water vapour at the interface
and in the gas respectively [51]. The mass transfer
coefficient, b, is evaluated using:

m=bx*A(c;—c,)

b= (ShxD)/d (22)

where D is the mass diffusivity of water in gas, and d
is the average droplet diameter. Sh is the Sherwood
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number which is analogous to the Nusselt number
used within the heat transfer calculations.

As in the case of heat transfer, the evaporation from
a spherical droplet into still air is given by Sh = 2.0.
In the more general cases of forced convection, the
correlation obtained by Ranz and Marshall [52] for
evaporating water droplets was implemented :

Sh=2.0+0.6Re"? Sc'’*, (23)

Their study, which was initially restricted to
Re < 200.0, water droplet diameter range between
0.6%107%to 1.1 % 10~* m and air temperatures up to
220°C. This is adequate for the purposes of this model
which is primarily concerned with air-spray inter-
action remote from the actual fire. However, they also
showed that their results could be extrapolated with
remarkable accuracy five times beyond their exper-
imental range of Reynolds numbers.

The concentration of water vapour present within
the air was calculated using the following equation
[51]:

Mw*hum*ps:u
e, =—————

’ R+ T, (24)

where M,, is the molecular weight of water, hum is
the relative humidity of the gas, p,,, is the saturation
pressure and R, is the universal gas constant. The
concentration of water present at the interface was
calculated using [51]:

_ Mw*psﬂl

¢, = R+T, (25)

3.6.4. Particle size calculation. During the devel-
opment of this model, several assumptions concerning
the particles were made. The first was to assume a
uniform droplet size with an initial diameter of I mm.
This, however, is not a limitation of the approach as
a method known as MIPSA (Modified IPSA) has
been developed and implemented within the software
package CASCADE {53]. This method is capable of
handling multi-sized particles within a system.

A further assumption was that the particles were
spherical. In fact water droplets which are smaller
than a critical size are stable and do not break up. In
order for the drops to retain their spherical shape
when falling within a gas certain conditions need to
be satisfied. Equations exist [54, 55] to evaluate the
critical droplet diameter taking into account various
flow conditions such as surface tension, density
difference between the droplet and the gas and the slip
velocity between the gas and the droplet.

The last assumption is concerned with the inter-
action of the particles themselves. During this study
it was assumed that particles are sufficiently distant
s0 as not to be able to interact. In that way it was
assumed that they were not able to hit or coalesce
with each other, hence diminishing or enlarging their
diameter. Furthermore, bouncing off boundaries or
collecting on walls or ceiling were not taken into con-
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sideration at this point. However, water was able to
collect on the floor.

For this model the distribution of the average par-
ticle size throughout the domain and the number of
particles present within a control-volume was evalu-
ated. The shadow volume fraction method developed
by Spalding [38] specifically for finite-difference
calculations was employed.

From the shadow volume calculations, the average
diameter of the particles within each control-volume
can be determined using the relation:

d = dy(n/r,)" (26)

where d|, is the initial average diameter of the particles,
which are assumed uniform across the sprinkler
orifice.

3.6.5. Boundary conditions. There are basically two
types of boundaries: solid and free. On solid bound-
aries the non-slip condition is employed for the gas
phase. This condition is also imposed on the par-
ticulate phase as no method exists to easily incor-
porate such phenomena as bouncing on the bound-
aries within the Eulerian method. 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 [44]. A similar
approach for the flux of heat to the walls has indicated
that satisfactory solutions may be obtained by lump-
ing the heat loss effects together in a local empirical
transfer coefficient [3]. For the kinetic energy of tur-
bulence (k), a zero diffusive flux at the wall is used.
The dissipation rate (&) is calculated from the length
scale proportional to the distance from the wall.

Flow domains are extended outside the fire com-
partments in the vicinity of open doorways [2, 56].
This is necessary in order to obtain the correct flow
behaviour through the doorway. On the resulting free
boundaries a fixed pressure boundary condition is
imposed in order that the flow may enter or leave the
domain depending on the internal pressure field.

3.7. The numerical solution procedure

The resulting control-volume equations form a set
of simultaneous equations which are solved nu-
merically using the iterative procedures SIMPLEST
(SIMPLE ShorTened) and IPSA (Inter-Phase Slip
Algorithm) [18, 57]. SIMPLEST is an improved ver-
sion of the SIMPLE algorithm which is well docu-
mented [19). The latter, a more elaborate solution
procedure which is used for multi-phase flows, 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 fraction condition.

These algorithms are built into the computer pro-
gram PHOENICS [33, 34] which also uses the con-
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ventional staggered grid approach for solving finite-
volume equations [20, 23]. During the simulations,
converged solutions are obtained by iterating on the
solution domain until the residuals of the variables
solved for are below a certain tolerance value, typi-
cally 10-4,

4. CONCLUSIONS

Over the past 15 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 simu-
lation has more or less been ignored by the field mod-
elling community. This has been due to the extreme
complication involved in simulating the processes
involved in transient, buoyant, turbulent, three-
dimensional, two-phase phenomena. However, the
development of numerical procedures, such as the
particle tracking and volume fraction methods heralds
the promise of progress.

The work presented above, which utilises the vol-
ume fraction method, outlines the first step in the
development of a three-dimensional, transient Eul-
erian—-Eulerian model to describe fire-sprinkler inter-
action. The model, while not attempting to simulate
the extinguishment process, describes the interaction
of water droplets with the hot turbulent atmosphere
of the fire compartment. The three basic mechanisms
of interaction, namely, momentum, mass and heat
transfer are taken into consideration. While this work
has considered the interaction between sprinkler
sprays and combustion gases, the equally important
areas of sprinkler spray-flame and sprinkler spray—
fuel burning rate are the subject for further research.

The application of the model to investigate two
experimental fire-sprinkler scenarios will be presented
in a later paper.
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