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Abstract

A thermal model was developed to study the extinguishment of a polymethyl methacrylate (PMMA) fire by water spray with drople
high enough to travel through the plume and the flaming region. Suppression mechanisms involving fuel surface cooling, flame co
oxygen displacement were considered. The critical fraction of total heat released that was transferred back to the fuel surface was
critical condition for solid fire extinguishment. The effects of droplet size and velocity, external radiant heat flux and specimen confi
on fire suppression were investigated. The results indicate that larger droplets would reach the fuel surface and surface cooling
a dominating role. Smaller droplets would absorb heat from the flame and evaporate to reduce the critical fraction of total hea
at extinction as a flame extinguishing agent. This might result in a critical water application rate, above which the flame can no
sustained even under a high external heat flux as in real fires. Therefore, spray containing a variety of droplet sizes would perform
a uniform spray in extinguishing PMMA fires under a high external radiant heat flux.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Extensive use of plastics in buildings has raised the c
cern on fire hazard [1,2]. Polymethyl methacrylate (PMM
is one of the plastic materials widely used in buildin
A better understanding of extinguishing a real PMMA fi
would help in designing suitable fire control systems. W
ter is widely used for fire control with fire hydrant and ho
reel systems required in almost all buildings [3]. Automa
sprinkler systems are required in most of the non-reside
buildings as the system is believed to be effective in c
trolling solid fires [4]. Also, fine water spray (water mis
has been used for suppressing solid fires in recent year
Experimental and numerical investigations have been
ducted on plastic fire extinguishment by water spray [6–

Interactions of applied water spray with a burning s
face are complicated and depend on many factors inclu
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spray and surface characteristics. For larger droplets f
a water spray such as those discharged by a sprinkler,
perature of the droplets will not be affected significantly
the fire plume and flame because of weak convective
transfer. They can reach the burning surface and cooling
play a dominant role in solid fire suppression. However,
smaller droplets such as those discharged from a water
system, some of them might be evaporated while trave
through the flame and some remaining droplets might
reach the fuel surface. Flame cooling and oxygen displ
ment caused by water mist will be important in fire suppr
sion, and should be considered together with surface coo
although the latter plays the dominating role for solid fi
extinguishment.

Zone models [10] and field models [11] are both wid
used for fire research and each of them has its own b
fits and problems. Rapid development of information te
nology, both hardware and software, makes it possibl
carry out detailed three-dimensional simulations of coup

radiation and hydrodynamics flows. However, there is still
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Nomenclature

Adi surface area of theith water droplet
cp specific heat of the combustion products
cpg specific heat of the flame gas
cpl specific heat of the liquid water
cpv specific heat of the water vapor
Cxi drag coefficient of theith water droplet
Di diameter of theith water droplet in the spray
Df fuel surface diameter
g acceleration due to gravity
h convective heat transfer coefficient from the

flame to the fuel surface
hi convective heat transfer coefficient from the

flame to theith droplet
k proportional factor
kg thermal conductivity of the flame gas
Lf flame height
LV effective heat of fuel gasification
Lw effective cooling heat of water
ṁ′′

f fuel mass flux at the fuel surface
ṁ′′

f,cr critical fuel mass flux at extinction
ṁ′′

w mass flux of water spray after traveling through
the flame

ṁ′′
wo mass flux of water spray before traveling

through the flame
Nui Nusselt number of theith water droplet
Pr Prandtl number
qe latent heat of water vaporization
q̇ ′′

0 net heat flux to the fuel surface
q̇ ′′
e external radiant heat flux to the fuel surface

q̇ ′′
f c convective heat flux from the flame to the fuel

surface

q̇ ′′
f r radiant heat flux from the flame to the fuel

surface
q̇ ′′
rr heat flux from the surface due to re-radiation

Q̇c heat release rate
r mass based stoichiometric fuel to air ratio
Rei Reynolds number of theith water droplet
Udi velocity of theith water droplet
Ug flame gas velocity
Vdi volume of theith water droplet
t time
T0 initial temperature of the reactants prior to

combustion
TAFT(SL) adiabatic flame temperature at stoichiometric

limit
Tb boiling temperature of liquid water
Tdi temperature of theith water droplet
Tg temperature of the flame gas
YO2 oxygen mass fraction in air stream
YO2,∞ ambient oxygen mass fraction
Yv mass fraction of the water vapor in air stream
z distance along the water spray axis

Greek symbols

�Hc combustion heat of the fuel volatiles
�HR(O2) heat of reaction of oxygen
φ critical fraction of the total heat released that

was transferred back to the fuel surface
φSL fraction of the enthalpy of reaction that can be

lost before extinction at stoichiometric limit
µg dynamic viscosity of the flame gas
ρg density of the flame gas
ρl density of the liquid water
-
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difficulty in applying field models for predicting such com
plicated phenomena because turbulence, radiation, and
bustion including thermal decomposition of polymers w
fire extinguishing agents should be considered together
13]. Further, the effects of water spray on flame radiation
decomposition process of most polymers are not clearly
derstood. To fill up this gap between analytical investigat
and empirical criteria for fire suppression, some models h
been developed and proposed to obtain the critical co
tions of pyrolysis rate and water mass flux under the app
external heat flux [9,14,15].

A unified model of fire suppression has been develo
by Beyler [14] as an engineering tool to evaluate the crit
conditions to sustain the piloted ignition and extinguish
existing flame. This work was based on the fire point eq
tion developed by Rasbash [15]. The model can be app
to study the suppression effect of agents including gas
agents and dry powder on given materials. Results are

ful to select the most appropriate agent for a given scenario.
-

-

Both the effects of surface cooling by water spray and
reduction of heat feedback to the burning surface by fla
extinguishing agents (such as gaseous agent) were co
ered respectively in this model [14]. The critical fraction
total heat released that was transferred back to the fuel
face to support the critical fuel mass flux was employed
the critical condition for fire extinguishment to simplify th
complicated combustion reaction. Note that in applying
model by Beyler to study a water-based fire extinguish
agent through fuel surface cooling, this critical fraction w
taken as a fuel property only. However, this critical fract
would be reduced when the fire was suppressed by the fl
extinguishing agents. Water spray was considered as a g
of large droplets which can reach the fuel surface. On
small amount is evaporated in flame and so evaporation
fect on the reduction of the critical fraction is negligib
However, for small water droplets as discussed earlier,
nificant amount of water would be evaporated in the fla

The water vapor would act as a flame extinguishing agent
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through heat capacity and dilution effects on the determ
tion of the critical fraction. Therefore, the model by Bey
is not applicable for studying water mist.

In studying fire suppression by water mist, the reduct
of the critical fraction due to evaporation should be c
sidered carefully. For example, evaporation effect can
linked with surface cooling to give better prediction on t
minimum water application rate required for fire extinctio
However, the fire point equation in Beyler’s model is a
plicable for the flame extinguishing agents including wa
mist. Actually, extinguishment of gaseous and liquid hyd
carbon fire by water mist can be achieved by thermal eff
in the flame. This can be analyzed by the method develo
by Beyler for flame extinguishing agents on the basis of th
mal and chemical effects [14]. The two suppression effe
as fuel surface cooling and flame extinguishment can be
sidered at the same time for PMMA fire. The key point l
in how the critical fraction and the critical fuel mass flux
the burning surface at extinction can be determined.

Based on the model by Beyler and the conservation e
tions of momentum, mass and heat transfer between
droplet and the hot gas [16–20], a simple thermal model
developed in this paper to study the critical water appl
tion rate under applied external radiant heat flux. This mo
is applicable not only for sprinkler water spray with larg
droplets, but also for water mist with fine droplets by co
bining effects due to oxygen displacement, gas phase
fuel surface cooling. To simplify the physical picture, on
water spray with high droplet speeds was considered.
is consistent with practical applications where droplet sp
is high to overcome the plume effect. Water discharged
then penetrate through the plume and flaming region to re
the burning surface. Evaporation effect will be simplifi
and the complex chemical reaction of water vapor in
flaming region can be neglected. Practically, this mode
applicable for nozzles discharging water droplets with h
enough droplet speeds, such as from high-pressure noz

Key equations developed in the literature for study
some gaseous fire extinguishers were used in the pre
model to describe the similar effects of water mist on fla
extinguishment. Useful design guidelines can be worked
for suppressing a polymer fire through this study. PMM
fire was selected for present paper and other types of p
mers will be considered for further research.

2. Assumptions made on the model

The physical picture of the problem to be solved is sho
in Fig. 1. The following basic assumptions are made on
developed model:

• At extinction, the critical fraction of the total heat r
leased can be modeled by making use of an analogy
tween limit premixed flames and limit diffusion flame

as described in the literature [14]. Near extinction, the
.

t

(a)

(b)

Fig. 1. Physical picture for PMMA specimen (a) horizontal orientati
(b) vertical orientation.

flame heat losses are dominated by the convection to
fuel surface [13–15].

• The combustion is considered as the stoichiometric
fuel ratio before applying a water spray [14]. The ma
based stoichiometric fuel to air ratio (the water vap
generated is included in the air stream) before and
ter the application are equal for a given fuel. This va
can be estimated by the combustion heat of the
volatiles and the heat of reaction of oxygen, while
latter can be taken as constant for most organic
els, i.e., 13.1 MJ·kg−1 [21]. For PMMA, this value is
12.97 MJ·kg−1.

• To simulate real fire conditions, the external radiant h
is employed to enhance the burning rate of the sm
scale PMMA specimen. The specimen is thermally th

enough to give a steady burning. The burning surface
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temperature remains constant before and after appl
the water spray in order to estimate the heat flux fr
the fuel surface due to re-radiation. Experimental d
suggested the value to be about 643 K [9].

• The flame is taken as a uniform hot gas zone and
be described by the ideal gas law. The maximum va
of the flame thickness and temperature are employe
simulate the interaction of water droplet and hot gas
investigate the critical conditions. Water vapor eva
rated in the flame is assumed to mix with hot gas
mediately. The minimum droplet velocity relative to t
maximum flame velocity was assumed to be 2.5 m·s−1

(from the engineering relation for fire plume due to H
kestad [22]) since this parameter was unavailable f
the experimental data. In addition, how velocity will a
fect the critical water application rate is also investiga
in this paper.

• The spray axis is perpendicular to the fuel surface.
water droplets are considered as spheres. The inte
tion between droplets is neglected. The radiant hea
tenuation by water droplets and vapor is neglected
this model as the droplet size considered is larger t
100 µm. As reported in the literature [23], thermal ra
ation would only be significant for very small drople
of diameter less than 30 µm. The forced convective h
transfer from the flame to the droplet increases initia
the droplet temperature because evaporation effe
negligible. Upon reaching the boiling temperature,
droplets will be evaporated. Other water droplets not
evaporated will reach the fuel surface to reduce the
pyrolysis rate by cooling. The movement and evapo
tion processes are taken as quasi-steady.

• If the fuel specimen is vertically located, the horizo
tal flame thickness will affect the spray movement a
heat transfer, and the thickness can be estimated b
thermal boundary layer method for wall fires. To si
plify the model, the flame boundary can also be assu
with an fixed angle, say 15◦, to the vertical axis (se
Fig. 1(b)), by making use of an analogy to the plu
angle due to buoyancy since there is no available
relation so far [22,24]. The maximum flame thickne
was used to calculate the minimum water applicat
rate required for fire extinguishment. Actually, the thic
ness for vertical flame is smaller than that for horizon
flame. Effect of the flame velocity on water drop mov
ment is not so significant. The above assumptions
therefore acceptable.

Note that in the present model, the water vapor ge
ated would act as a flame extinguishing agent through t
mal and dilution effects to reduce the critical fraction
the same time. This is different from Beyler’s model, wh
the flame and droplet characteristics were neglected. Th
water spray of large droplets was considered to cool
fuel surface only. Thermal effect on flame extinguishm

through reduction of the critical fraction was not included.
-

,

Such effect would play an important role and cannot be
glected for water mist, due to the large amount of wa
vapor generated.

3. Key equations

Key equations are listed as flame equation, heat bal
at the burning surface, critical fraction of total heat releas
and equations of motion for the water droplets.

3.1. Flame height

For horizontally located specimen, the flame heightLf

can be estimated by [22]:

Lf = 0.23Q̇2/5
c − 1.02Df (1)

whereQ̇c is the total heat release rate (kW) andDf is the
fuel surface diameter (m).

3.2. Heat balance at the burning surface

From the fire point equation [15], the heat balance at
burning surface at extinction can be described as:

q̇ ′′
f r + q̇ ′′

f c + q̇ ′′
e = q̇ ′′

rr + ṁ′′
f LV + ṁ′′

wLw (2)

whereq̇ ′′
f r and q̇ ′′

f c are the radiant and convective heat fl
from the flame to the fuel surface,q̇ ′′

e is the external hea
flux to the fuel surface,̇q ′′

rr is the heat loss flux from th
surface due to re-radiation,ṁ′′

f is the mass flux of fuel at th
surface,ṁ′′

w is the mass flux of water spray at the surfa
LV and Lw are the effective heat of fuel gasification a
of water cooling respectively.Lw consists of both the laten
heat of water evaporation and the heat to increase dro
temperature. For a horizontal sample, the heat to increas
water vapor from boiling temperature to flame tempera
will be included inLw.

As reported in the literature [6], the net heat flux to t
surface (denoted aṡq ′′

0 = q̇ ′′
f r + q̇ ′′

f c − q̇ ′′
rr ) remains relatively

constant and can be determined experimentally before
plying the water spray. Takingφ as the critical fraction o
heat loss that was transferred back to fuel surface befor
tinction,

q̇ ′′
f r + q̇ ′′

f c = φ�Hcṁ
′′
f,cr (3)

and

q̇ ′′
0 + q̇ ′′

e = ṁ′′
f,crLV + ṁ′′

wLw (4)

whereṁ′′
f,cr is the critical fuel mass flux at extinction, an

�Hc is the combustion heat of the fuel volatiles.�Hc and
�HR(O2) can be correlated by:

r = �HR(O2)YO2,∞
�Hc

(5)

where�HR(O2) is the heat of reaction of oxygen,YO2,∞ is
the ambient oxygen mass fraction, andr is the mass base

stoichiometric fuel to air ratio.
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The critical mass flux of fuel at extinction is determin
by the convective heat feedback to the surface and ca
given by [14]:

ṁ′′
f,cr = h

cp

ln

[
1+ YO2�HR(O2)

φ�Hc

]
(6)

In the above equation,cp is the specific heat of the com
bustion products,YO2 is the oxygen mass fraction in the a
stream, andh is the convective heat transfer coefficient fro
the flame to the fuel surface.h might be taken as a consta
for a particular material and fuel surface configuration [1
This value can be estimated from correlations derived f
free convection of external flow geometries [24]. Two me
ods were used to estimateh in this paper:

Method A: Correlations [24] for external flow geometrie
and Grashof number from free convection are us

Method B: Empirical values are used directly by takingh to
be independent of the fuel surface diameterD for
turbulent conditions, and proportional toD−1/4 for
laminar conditions [8].

Introducing Eq. (6) to Eq. (4) would give

q̇ ′′
e − ṁ′′

wLw = LV h

cp

ln

[
1+ YO2�HR(O2)

φ�Hc

]
− q̇ ′′

0 (7)

Note that lower critical fraction of heat loss would result
larger critical mass flux of fuel at extinction. Therefore, le
water application rate is required for fire extinguishment
der a fixed external radiant heat flux.

3.3. Critical fraction of total heat released due to water
spray application

Before applying a fire extinguishing agent, as discus
in the literature [14], using the analogy between limit p
mixed flames and diffusion flames as assumed would
an expression for the critical fraction of heat loss before
tinctionφ0:

φ0 = kφSL = k

[
1− (1+ r)cp(TAFT(SL) − T0)

�HR(O2)YO2,∞

]
(8)

whereφSL is the fraction under stoichiometric limit,k is a
coefficient and normally taken as 0.6,T0 is the initial tem-
perature of the reactants prior to combustion,TAFT(SL) is
the adiabatic flame temperature (for most fuels, this is ab
1700 K).

Under the action of water spray, water vapor genera
from the water droplets heated up by convection would
as a flame extinguishing agent through thermal effect to
duce the critical fraction. If effect of water vapor is not y
significant, the critical fraction would not change as cons
ered in Beyler’s model. But when more water vapors w
generated, most heat would be absorbed from the flam
reduce the oxygen fraction and increase the heat capac
the combustion products. Therefore, the critical fractionφ
would be affected as:
f

φ = k
[
1− {

(1+ r)cp

(
TAFT(SL) − T0

) + qeYv

+ (cpv − cp)
(
TAFT(SL) − Tb

)
Yv

}
×{

�HR(O2)YO2,∞(1− Yv)
}−1]

=
{
φ0 − kYv

[
1+ qe + (cpv − cp)(TAFT(SL) − Tb)

�HR(O2)YO2,∞

]}

× (1− Yv)
−1 (9)

wherecpv is the specific heat of water vapor,qe is the latent
heat of water vaporization, andYv is the mass fraction o
water vapor in air stream.Yv can be expressed as:

Yv = ṁ′′
wo − ṁ′′

w

ṁ′′
f,cr/r

(10)

whereṁ′′
wo andṁ′′

w are the mass flux of water spray befo
and after traveling through the flame. Note that the sma
drop size and velocity, the larger the mass fraction of w
vapor and the smaller critical fraction of heat loss.

Introducing Eq. (9) into Eq. (7) would give the heat b
ance equation at extinction under water spray applicatio

q̇ ′′
e − ṁ′′

wLw

= LV h

cp

ln

[
1+ {

YO2�HR(O2)(1− Yv)/�Hc

}{
φ0

− kYv

[
1+ qe + (cpv − cp)(TAFT(SL) − Tb)

�HR(O2)YO2,∞

]}−1]

− q̇ ′′
0 (11)

It can be seen from Eq. (9) that the critical fraction would
decreased by the water spray before extinction by produ
water vapor. As shown in Eq. (7) or (11), ifφ reaches 0 when
large amount of water is applied, the right-hand side of
equation will tend to infinity. That means the flame will n
be sustained any more, even under a high external heat
This point is quite important for extinguishing a solid fi
with fine water spray to prevent combustible fuel gas fr
ignition.

3.4. Equations for description of water droplets

The droplet size distribution can be described by a fi
number, say 4 or 5, of size classes. The droplet numbe
each class size can be determined by integrating drople
tribution function in a quasi-steady condition as discusse
the literature [20]. The production of water vapor can be c
culated by comparing the mass flux of water spray be
and after traveling through the flame. The mass flux of w
spray can be calculated by drop size and velocity.

The equation of motion for theith water droplet in the
flame can be described as:

dUdi

dt
=

[
ρl − ρg

ρl

g − 3

4

ρg

ρl

Cxi

Di

|Udi − Ug|(Udi − Ug)

]

(12)
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whereUdi andUg are the velocity of theith droplet and the
flame gas velocity respectively;t is the time;Di is the diam-
eter of theith droplet;ρl andρg are the density of the liquid
water and the flame gas respectively;Cxi is the drag coeffi-
cient andg is the acceleration due to gravity. For horizon
water spray, the item for gravity can be taken as 0 since
these spray reaching fuel surface are concerned.

The drag coefficient can be correlated by Reynolds n
ber [25]:

Cxi =




24
Rei

0� Rei � 0.2
24
Rei

+ 5.48Re−0.573
i + 0.36 0.2< Rei � 1000

0.44 1000< Rei � 1× 105

(13)

The Reynolds numberRei is defined from the relative veloc
ity between theith droplet and the hot gas:

Rei = Di |Udi − Ug|ρg

µg

(14)

whereµg is the dynamic viscosity of the flame gas.
As assumed, the convective heat transfer between thith

droplet and the flame can be expressed as [13]:

ρlVdicpl

dTdi

dt
= hiAdi(Tg − Tdi), Tdi < Tb

Di

dDi

dt
= − 2kg

cpgρl

Nui ln
[
cpg(Tg − Tdi)/qe + 1

]
Tdi = Tb (15)

whereVdi andAdi are the volume and surface area of theith
water droplet respectively;Tdi andTg are the temperature o
the ith water droplet and the flame gas respectively;Tb is
the boiling temperature of water;cpl andcpg are the specific
heat of the liquid water and the flame gas respectively;kg is
the thermal conductivity of flame gas;hi is the convective
heat transfer coefficient from the flame to theith droplet,
which can be evaluated using:

Nui = hiDi

kg

= 2.0+ Re1/2
i Pr1/3 (16)

whereNui andPr are the Nusselt number and Prandtl nu
ber of the gas.

As the evaporation process is assumed to be quasi-st
the variables of water droplet are only dependent on the
tancez traveling through the flame. Eqs. (12)–(15) can
further rewritten as:

Udi

dUdi

dz
=

[
ρl − ρg

ρl

g − 3

4

ρg

ρl

Cxi

Di

|Udi − Ug|(Udi − Ug)

]

(17)

and

ρlcplD
2
i Udi

dTdi

dz
= 6kgNui (Tg − Tdi), Tdi < Tb

cpgρlDiUdi

dDi

dz [ ]
= −2kgNui ln cpg(Tg − Tdi)/qe + 1 , Tdi = Tb (18)
,

The above set of equations is a complete system of cou
first order ordinary differential equations. It can be solv
numerically using az marching Runge–Kutta scheme of t
fourth order to give the water spray characteristics reac
the burning surface. Computed droplet temperature, dia
ter and velocity can be used to calculate the production
of water vapor. With those results, the critical fraction of h
loss and the surface cooling effect can be estimated.

4. Simulation conditions

Numerical simulations using the present model were
ried out with the available experimental data of PMMA fi
extinguishment by water sprays. The calculation proced
flowchart is shown in Fig. 2. Two fuel configurations as d
scribed in the literature [6] were studied in this paper:
turbulent burning of a vertical wall and a pool fire. The sp
imens for burning vertically were 17.8 cm wide× 35.6 cm
high × 5 cm thick, and those for burning horizontally we
17.8 cm× 17.8 cm× 5 cm. The specimens were therma
thick enough to keep quasi-steady burning. Radiant hea
were employed to enhance the burning rate to simulate

Fig. 2. Calculation procedure flowchart for studying PMMA fire extingui

ment by water spray.
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Table 1
The ratio of droplet number and water application rate for each class of droplet size based on droplet distribution

Ratio Class 1 size
1000 µm

Class 2 size
600 µm

Class 3 size
200 µm

Class 4 size
100 µm

Spray 1 VMD 800 µm Number ratio 0.3679 0.5146 0.1109 0.0066
Volume ratio 0.7665 0.2316 0.0018 0.0000

Spray 2 VMD 250 µm Number ratio 0.0000 0.0166 0.7891 0.1943
Volume ratio 0.0000 0.3558 0.6249 0.0192

Spray 3 VMD 150 µm Number ratio 0.0000 0.0000 0.3679 0.6321
Volume ratio 0.0000 0.0000 0.8232 0.1768
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real fire scenarios. The experimental data of heat of fuel g
fication from the literature [6] were 1508 kJ·kg−1 for burn-
ing vertically and 1773 kJ·kg−1 for burning horizontally.
The external radiant heat flux was up to 30 kW·m−2. The
burning rates without external heat flux were 5.6 g·m−2·s−1

for burning vertically and 7.7 g·m−2·s−1 for burning hor-
izontally. Other main physical properties of PMMA spe
imens used in the numerical experiments were: com
tion heat of fuel volatiles 24900 kJ·kg−1; mass based sto
ichiometric fuel to air ratio 0.12; and flame temperatu
1260 K.

The diameter of the uniform spray ranged from 100
2000 µm. An investigation on the effects of relative drop
velocity was also conducted and the value ranged from
to 12.5 m·s−1. In practical application, the water spray m
contain a variety of droplet sizes, and the comparisons
tween a practical spray and a uniform spray were condu
in this paper. For a practical spray, 4 classes of typ
droplet sizes were selected to represent the whole s
i.e., 1000, 600, 200 and 100 µm. The volume mean di
eter (VMD) was used to describe the size characteristics
number of each class of droplet size was predicted by
droplet distribution function. The sprays with VMD of 80
250 and 150 µm were selected, and the droplet numbe
water application rate for each class of typical droplet s
are shown in Table 1. Note that the values have been
malized by the total droplet number and water applica
rate respectively.

5. Results and discussion

Since the external radiant heat was applied to enhanc
burning rate of the small-scale PMMA specimens to sim
late a real fire, water application rate required for fire
tinguishment would increase with the external radiant h
flux. The predicted and experimental critical water appli
tion rates for both vertical and horizontal configurations
different external radiant heat fluxes are plotted in Fig
The experimental data was taken from literature [6] and
droplet diameter is 1300 µm. Without external radiant h
flux, the critical water application rates for both horizon
and vertical configurations are from 1.2 to 1.8 g·m−2·s−1.

For the vertical specimen, the estimated convec

heat transfer coefficient using Grashof number is about
,

Fig. 3. Critical water application rate versus external radiant heat flux
PMMA (Droplet size: 1300 µm).

9.1 W·m−2·K−1, while the empirical value is about 10 W·
m−2·K−1 for wall fires. Both the calculated results are
good agreement with the experimental data. For horiz
tal specimen, the estimated value using Grashof numb
about 8.9 W·m−2·K−1, while the empirical value is abou
13 W·m−2·K−1. The calculated result using the empi
cal value is in good agreement with the experimental d
while the result using the estimated value is not good,
over-estimation of critical water application rate is ab
0.4 g·m−2·s−1. The actual heat transfer coefficient at e
tinction might be larger than the value calculated by us
Grashof number. These suggested empirical values app
to be more suitable for use in this present model, and so
lected for the following calculations.

At near extinction, flame radiation becomes insignific
while convective heat transfer would play an important ro
As discussed in the literature [8], fuel mass flux wou
decrease when mass pyrolysis rate decreases, and s
blowing effect would then decrease to increase the con
tive heat transfer. Therefore, maximum convective heat
from the flame to the fuel surface is found at extinctio
With larger convective heat transfer, the critical fuel m
flux increased and the extinction condition will be easie
achieve.

The slope of the curve represents the cooling effect
water. The value for the vertical specimen curve is sma

than that for the horizontal one. This phenomenon, e.g., [14]
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Fig. 4. Critical water application rate versus external radiant heat flux
various droplet diameters for vertical PMMA (Droplet velocity: 2.5 m·s−1).

Fig. 5. Critical water application rate versus external radiant heat
with various droplet diameters for horizontal PMMA (Droplet veloci
2.5 m·s−1).

is due to the additional water vapor cooling effect, which
significant for horizontal specimen but not for vertical sp
imen.

The predicted results for critical water application ra
are plotted against external radiant fluxes with vari
droplet diameters for vertical and horizontal PMMA
Figs. 4 and 5, respectively. For larger droplets, the sur
cooling effect played the absolutely dominating role, so
curves are almost linear. With the decrease in droplet di
eter, the convective heat transfer from hot gas to drop
increased, resulting in the increase in droplet tempera
Therefore, the effective surface cooling effect of liquid wa
decreased. For the horizontal specimen, the critical frac
and the critical mass burning rate are plotted against the
ical water application rate in Figs. 6 and 7, respectively.
larger droplets, little water vapor was produced; while
smaller droplets, with decreasing droplet diameter, the w
vapor fraction increased, the critical fraction decreased
the critical mass burning rate increased, resulting in ea

extinction.
Fig. 6. Critical fraction of total heat released versus critical water app
tion rate for horizontal PMMA.

Fig. 7. Critical mass burning rate versus critical water application rate
horizontal PMMA.

When the critical fraction approached 0 under a criti
water application rate as shown in these figures by a d
line, the critical mass burning rate approached infinity,
the water spray of droplet diameter 200 or 100 µm in
present paper would cause flame extinguishment even u
a high external heat flux in real fires, say up to 100 kW·m−2.
This critical nonlinear phenomenon is quite different fro
that of surface cooling. Note that the fuel surface under
plied external radiant heat flux would release toxic and c
bustible gases to the environment, which might cause da
to human and lead to re-ignition [23,26]. The surface co
ing would reduce pyrolysis, while the flame extinguishm
due to the decreasing of the critical fraction by water va
would prevent the combustible gases from re-ignition un
the high external heat flux.

For the vertical configuration, the thickness of the fla
was small, so the droplet of diameter 200 µm would
be evaporated entirely in a short traveling time, but
droplet of diameter 100 µm would. This critical water a
plication rate for droplet of 100 µm is about 5.4 g·m−2·s−1;
while for the droplet of 200 µm, this value is larger th

9.0 g·m−2·s−1. For the horizontal configuration, both
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Fig. 8. Critical water application rate versus external radiant heat
with various droplet velocities for horizontal PMMA (Droplet diamete
200 µm).

droplets of 100 and 200 µm would be evaporated entir
so the critical values are 6.8 g·m−2·s−1 as shown in Fig. 6
However, the assumption of rapid mixing of oxygen and w
ter vapor has been made for the present model, and act
the fluid dynamics would affect this process significan
In practical applications, the preferred water application
should be several times larger than the critical value [4].
perimental data indicated that water mists of diameter a
200 µm and mass flux about several tens g·m−2·s−1 could
extinguish small-scale PMMA fires under external radi
heat flux of 14 and 25 kW·m−2 in a short time [7].

The predicted results for the droplets of diameter 200
with various velocities are shown in Fig. 8. With increas
droplet velocity, the traveling time in hot gas decreased
the surface cooling effect would contribute more to exti
tion than the flame extinguishing effect. The curves wo
change from nonlinear to linear types.

As discussed earlier, smaller droplets would contrib
more to reduce the critical fraction for flame extinguis
ment, while larger droplets would contribute more to s
face cooling. Therefore, it is reasonable to employ a w
spray containing a variety of suitable droplet sizes to ex
guish PMMA fires. As shown in Fig. 9, for practical spr
of larger VMD, say 800 µm, a little higher water applic
tion rate was required for fire extinguishment than that
the uniform spray of the same droplet size. This is beca
the temperature of some smaller droplets in the prac
spray increased, resulting in the decreasing of cooling
tential. There is no difference between the practical sp
of smaller VMD, say 150 µm, and the uniform spray of t
same droplet size since all of them were evaporated in
hot gas. There is significant difference between the pra
cal spray of medium VMD, say 250 µm, and the unifo
spray. Note that the volume ratio of 600, 200 and 100 µm
the practical spray of VMD 250 µm are 0.3558, 0.6249
0.0192, respectively. The combined effect of surface c
ing (mainly due to larger droplet) and flame extinguishm

(mainly due to smaller droplet) resulted in such better per-
Fig. 9. Critical water application rate versus external radiant heat flux
water spray of various VMD and uniform water spray.

formance with less water application rate under high exte
radiant heat flux.

6. Conclusions

The extinguishment of PMMA fire by both larger drople
from sprinkler water sprays and smaller droplets from w
ter mist system can be simulated by using a thermal m
described in this paper. Suppression mechanisms inc
oxygen displacement, gas phase and surface cooling.
ilar approach can be extended to model how water s
would interact with other plastic fires. Obviously, assum
tions made should be verified by experiments such as d
mining the convective heat transfer coefficient under crit
conditions. This model will be further developed for stud
ing fire extinguishment of other solid fuels. Modification a
comparison with experimental studies will be conducted
reported later.

With lower water application rate, the larger drople
would perform better than the smaller ones. With higher
ter application rate, the smaller droplets might perform be
than the larger ones. A possible explanation is becaus
reduced critical fraction of total heat released back to
surface might result in a critical water application rate w
which the flame cannot be sustained even under a high e
nal heat flux in real fires. The spray containing a wider ra
of droplet sizes would perform better than a uniform sp
when extinguishing PMMA fires under high external ra
ant heat flux. Less critical water application rate might
required for fire extinction under high external radiant h
flux.

Acknowledgement

This project is funded by the Research Grants Counc
Hong Kong (Account No. B-Q408) and the China NKBRS

(Project No. 2001CB409606).



B. Yao, W.K. Chow / International Journal of Thermal Sciences 44 (2005) 410–419 419

ven-

in:
ciety
tion,

nal

onal

rays,

las-
ium
74,

re-
TIR
urg,

es
an-

x-

AST,
IST
ogy,

ro-
hnol-

s in
e 7th

land,

ts

g. 4

om-
em-

freely
Flu-

u-
y a

rin-

he
02)

er
67–

ndon,

J. 7

e,
in:
Sci-

ey,

ad-

u-
References

[1] G.L. Nelson, Fire and Polymers: Hazards Identification and Pre
tion, American Chemical Society, USA, 1990.

[2] C.L. Beyler, M.M. Hirschler, Thermal decomposition of polymers,
SFPE Handbook of Fire Protection Engineering, second ed., So
of Fire Protection Engineers and National Fire Protection Associa
1995, pp. 99–119, Chapter 1–7.

[3] NFPA 13, Standard for the Installation of Sprinkler Systems, Natio
Fire Protection Association, Quincy, MA, 1999.

[4] NFPA 750, Standard on Water Mist Fire Protection Systems, Nati
Fire Protection Association, Quincy, MA, 2000.

[5] G. Grant, J. Brenton, D. Drysdale, Fire suppression by water sp
Prog. Energy Combust. Sci. 26 (2000) 79–130.

[6] R.S. Magee, R.D. Reitz, Extinguishment of radiation augmented p
tic fires by water sprays, in: Proceedings of the 15th Sympos
(Int.) on Combustion, Combustion Institute, Pittsburgh, USA, 19
pp. 337–347.

[7] J.C. Yang, C.I. Boyer, W.L. Grosshandler, Minimum mass flux
quirements to suppress burning surfaces with water sprays, NIS
5795, National Institute of Standard and Technology, Gaithersb
MD, USA, 1996.

[8] M.A. Delichatsios, Critical mass pyrolysis rate for extinction in fir
over solid materials, NIST-GCR-98-746, National Institute of St
dard and Technology, Gaithersburg, MD, USA, 1998.

[9] V. Novozhilov, B. Moghtaderi, J.H. Kent, D.F. Fletcher, Solid fire e
tinguishment by a water spray, Fire Safety J. 32 (1999) 119–135.

[10] R.D. Peacock, G.P. Forney, P. Reneke, R. Portier, W.W. Jones, CF
the consolidated model of fire growth and smoke transport, N
Technical Note 1299, National Institute of Standard and Technol
Gaithersburg, MD, USA, 1993.

[11] G. Cox, Some recent progress in the field modelling of fire, in: P
ceedings of the First Asian Conference on Fire Science and Tec
ogy, International Academic Publisher, Beijing, 1992, pp. 50–59.

[12] J.R. Mawhinney, G.V. Hadjisophocleous, The role of fire dynamic
design of water mist fire suppression system, in: Proceedings of th
Int. Fire Science and Engineering Conference, Cambridge, Eng
UK, 1996, pp. 415–424.

[13] C. Crowe, M. Sommerfeld, Y. Tsuji, Multiphase Flows with Drople
and Particles, CRC Press LLC, Boca Raton, FL, 1998.

[14] C. Beyler, A unified model of fire suppression, J. Fire Prot. Engr
(1992) 5–16.

[15] D.J. Rasbash, Theory in the evaluation of fire properties of c
bustible materials, in: Proceedings of the 5th Int. Fire Protection S
inar, Karlsruhe, Germany, 1976, pp. 113–130.

[16] D.J. Rasbash, Heat transfer between water sprays and flames of
burning fires, in: Proceedings of Symposium on the Interaction of
ids and Particles, London, UK, 1962, pp. 217–223.

[17] G.M. Makhviladze, J.P. Roberts, V.I. Melikhov, O.I. Melikhov, N
merical modeling and simulation of compartment fire extinction b
sprinkler spray, J. Appl. Fire Sci. 8 (1998–1999) 93–115.

[18] S. Nam, Numerical simulation of the penetration capability of sp
kler sprays, Fire Safety J. 32 (1999) 307–329.

[19] J.S. Hua, K. Kumar, B.C. Khoo, H. Xue, A numerical study of t
interaction of water spray with a fire plume, Fire Safety J. 37 (20
631–657.

[20] W.K. Chow, B. Yao, Numerical modelling of interaction of a wat
spray with smoke layer, Numer. Heat Transfer Part A 39 (2001) 2
283.

[21] V. Babrauskas, S.J. Grayson, Heat Release in Fires, Elsevier, Lo
1992.

[22] G. Heskestad, Engineering relation for fire plume, Fire Safety
(1984) 25–32.

[23] B. Moghtaderi, V. Novozhilov, J.H. Kent, D.F. Fletcher, V.B. Apt
Effect of water spray on re-ignition characteristics of solid fuels,
Proceedings of the 5th International Symposium on Fire Safety
ence, Australia, 1997, pp. 829–840.

[24] D.D. Drysdale, An Introduction to Fire Dynamics, second ed., Wil
New York, 1998.

[25] R. Clift, J.R. Grace, M.E. Weber, Bubbles, Drops and Particles, Ac
emic Press, New York, 1978.

[26] B. Yao, W.C. Fan, G.X. Liao, Interaction of water mists with a diff
sion fire in a confined space, Fire Safety J. 33 (1999) 129–139.


