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Abstract

A thermal model was developed to study the extinguishment of a polymethyl methacrylate (PMMA) fire by water spray with droplet speeds
high enough to travel through the plume and the flaming region. Suppression mechanisms involving fuel surface cooling, flame cooling and
oxygen displacement were considered. The critical fraction of total heat released that was transferred back to the fuel surface was taken as th
critical condition for solid fire extinguishment. The effects of droplet size and velocity, external radiant heat flux and specimen configuration
on fire suppression were investigated. The results indicate that larger droplets would reach the fuel surface and surface cooling would play
a dominating role. Smaller droplets would absorb heat from the flame and evaporate to reduce the critical fraction of total heat released
at extinction as a flame extinguishing agent. This might result in a critical water application rate, above which the flame can no longer be
sustained even under a high external heat flux as in real fires. Therefore, spray containing a variety of droplet sizes would perform better than
a uniform spray in extinguishing PMMA fires under a high external radiant heat flux.
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1. Introduction spray and surface characteristics. For larger droplets from
a water spray such as those discharged by a sprinkler, tem-
Extensive use of plastics in buildings has raised the con- perature of the droplets will not be affected significantly by
cern on fire hazard [1,2]. Polymethyl methacrylate (PMMA) the fire plume and flame because of weak convective heat
is one of the plastic materials widely used in buildings. transfer. They can reach the burning surface and cooling will
A better understanding of extinguishing a real PMMA fire play a dominant role in solid fire suppression. However, for
would help in designing suitable fire control systems. Wa- smaller droplets such as those discharged from a water mist
ter is widely used for fire control with fire hydrant and hose system, some of them might be evaporated while traveling
reel systems required in almost all buildings [3]. Automatic through the flame and some remaining droplets might still
sprinkler systems are required in most of the non-residential reach the fuel surface. Flame cooling and oxygen displace-
buildings as the system is believed to be effective in con- ment caused by water mist will be important in fire suppres-
trolling solid fires [4]. Also, fine water spray (water mist)  sjon, and should be considered together with surface cooling
has been used for suppressing solid fires in recent years [S]although the latter plays the dominating role for solid fire
Experimental and numerical investigations have been CON-extinguishment.
ducted on plastic fire extinguishment by water spray [6-9]. Zone models [10] and field models [11] are both widely
Interactions of applied water spray with a burning sur- seq for fire research and each of them has its own bene-
face are complicated and depend on many factors includingsits and problems. Rapid development of information tech-
nology, both hardware and software, makes it possible to
* Corresponding author. Tel.: +852 2766 5843; fax: +852 2765 7198.  CaITy out detailed three-dimensional simulations of coupled
E-mail address: bewkchow@polyu.edu.hk (W.K. Chow). radiation and hydrodynamics flows. However, there is still
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Nomenclature

Agi surface area of thah water droplet q;;r radiant heat flux from the flame to the fuel
cp specific heat of the combustion products surface
Cpg specific heat of the flame gas qy, heat flux from the surface due to re-radiation
Ccpl specific heat of the liquid water 0. heat release rate
Cpv specific heat of the water vapor r mass based stoichiometric fuel to air ratio
Cyi drag coefficient of théth water droplet Re; Reynolds number of thidh water droplet
D; diameter of theth water droplet in the spray Uasi  velocity of theith water droplet
Dy fuel surface diameter Ug flame gas velocity
g acceleration due to gravity Vai  volume of theith water droplet
h convective heat transfer coefficient from the t time
flame to the fuel surface To initial temperature of the reactants prior to
hi convective heat transfer coefficient from the combustion
flame to theith droplet TarT(SL) adiabatic flame temperature at stoichiometric
k proportional factor limit o
kg thermal conductivity of the flame gas Ty boiling temperature of liquid water
Ly flame height Tai temperature of theth water droplet
Ly effective heat of fuel gasification Ty temperature of the flame gas
L, effective cooling heat of water Yo, oxygen mass fraction in air stream
m't fuel mass flux at the fuel surface Yo, ambientoxygen mass fraction
i critical fuel mass flux at extinction Y, mass fraction of the water vapor in air stream
er . distance along the water spray axis
', mass flux of water spray after traveling through
the flame Greek symbols
ny,,  Mass flux of water spray before traveling AH, combustion heat of the fuel volatiles
through the flame AHg(Op) heat of reaction of oxygen
Nu; Nusselt number of thh water droplet ¢ critical fraction of the total heat released that
Pr Prandtl number was transferred back to the fuel surface
ge latent heat of water vaporization ¢sL fraction of the enthalpy of reaction that can be
a6 net heat flux to the fuel surface lost before extinction at stoichiometric limit
q7 external radiant heat flux to the fuel surface Ug dynamic viscosity of the flame gas
c};éc convective heat flux from the flame to the fuel Pg density of the flame gas
surface o1 density of the liquid water

difficulty in applying field models for predicting such com- Both the effects of surface cooling by water spray and the
plicated phenomena because turbulence, radiation, and comreduction of heat feedback to the burning surface by flame
bustion including thermal decomposition of polymers with extinguishing agents (such as gaseous agent) were consid-
fire extinguishing agents should be considered together [12,ered respectively in this model [14]. The critical fraction of
13]. Further, the effects of water spray on flame radiation and total heat released that was transferred back to the fuel sur-
decomposition process of most polymers are not clearly un-face to support the critical fuel mass flux was employed as
derstood. To fill up this gap between analytical investigation the critical condition for fire extinguishment to simplify the
and empirical criteria for fire suppression, some models have complicated combustion reaction. Note that in applying the
been developed and proposed to obtain the critical condi- model by Beyler to study a water-based fire extinguishing
tions of pyrolysis rate and water mass flux under the applied agent through fuel surface cooling, this critical fraction was
external heat flux [9,14,15]. taken as a fuel property only. However, this critical fraction

A unified model of fire suppression has been developed would be reduced when the fire was suppressed by the flame
by Beyler [14] as an engineering tool to evaluate the critical extinguishing agents. Water spray was considered as a group
conditions to sustain the piloted ignition and extinguish the of large droplets which can reach the fuel surface. Only a
existing flame. This work was based on the fire point equa- small amount is evaporated in flame and so evaporation ef-
tion developed by Rasbash [15]. The model can be appliedfect on the reduction of the critical fraction is negligible.
to study the suppression effect of agents including gaseousHowever, for small water droplets as discussed earlier, sig-
agents and dry powder on given materials. Results are use-ificant amount of water would be evaporated in the flame.
ful to select the most appropriate agent for a given scenario. The water vapor would act as a flame extinguishing agent
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through heat capacity and dilution effects on the determina-
tion of the critical fraction. Therefore, the model by Beyler
is not applicable for studying water mist.

In studying fire suppression by water mist, the reduction
of the critical fraction due to evaporation should be con-
sidered carefully. For example, evaporation effect can be
linked with surface cooling to give better prediction on the
minimum water application rate required for fire extinction.
However, the fire point equation in Beyler's model is ap-
plicable for the flame extinguishing agents including water
mist. Actually, extinguishment of gaseous and liquid hydro-
carbon fire by water mist can be achieved by thermal effects
in the flame. This can be analyzed by the method developed
by Beyler for flame extinguishing agents on the basis of ther-
mal and chemical effects [14]. The two suppression effects
as fuel surface cooling and flame extinguishment can be con-
sidered at the same time for PMMA fire. The key point lies
in how the critical fraction and the critical fuel mass flux at
the burning surface at extinction can be determined.

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

Water spray
Udi T, di di ’h:ro

Y

Y

Y
:“Q.

Y

PMMA

-
D '

Water spray
Udi T di di m:/O

Flame
Tg Ug
(b)

Key equations developed in the literature for studying Fig. 1. Physical picture for PMMA specimen (a) horizontal orientation,
some gaseous fire extinguishers were used in the presenfb) vertical orientation.

model to describe the similar effects of water mist on flame
extinguishment. Useful design guidelines can be worked out
for suppressing a polymer fire through this study. PMMA

fire was selected for present paper and other types of poly- e

mers will be considered for further research.

2. Assumptions made on the model

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

e At extinction, the critical fraction of the total heat re-
leased can be modeled by making use of an analogy be-
tween limit premixed flames and limit diffusion flames,
as described in the literature [14]. Near extinction, the

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

The combustion is considered as the stoichiometric air-
fuel ratio before applying a water spray [14]. The mass
based stoichiometric fuel to air ratio (the water vapor
generated is included in the air stream) before and af-
ter the application are equal for a given fuel. This value
can be estimated by the combustion heat of the fuel
volatiles and the heat of reaction of oxygen, while the
latter can be taken as constant for most organic fu-
els, i.e., 13.1 Mkg! [21]. For PMMA, this value is
12.97 MJkgL.

To simulate real fire conditions, the external radiant heat
is employed to enhance the burning rate of the small-
scale PMMA specimen. The specimen is thermally thick
enough to give a steady burning. The burning surface



B. Yao, WK. Chow / International Journal of Thermal Sciences 44 (2005) 410419 413

temperature remains constant before and after applyingSuch effect would play an important role and cannot be ne-
the water spray in order to estimate the heat flux from glected for water mist, due to the large amount of water
the fuel surface due to re-radiation. Experimental data vapor generated.
suggested the value to be about 643 K [9].

e The flame is taken as a uniform hot gas zone and can
be described by the ideal gas law. The maximum value 3. Key equations
of the flame thickness and temperature are employed to
simulate the interaction of water droplet and hot gas to ~ Key equations are listed as flame equation, heat balance
investigate the critical conditions. Water vapor evapo- at the burning surface, critical fraction of total heat released,
rated in the flame is assumed to mix with hot gas im- and equations of motion for the water droplets.
mediately. The minimum droplet velocity relative to the
maximum flame velocity was assumed to be 2.5T1h 3.1. Flame height
(from the engineering relation for fire plume due to Hes-
kestad [22]) since this parameter was unavailable from  For horizontally located specimen, the flame height
the experimental data. In addition, how velocity will af- Can be estimated by [22]:
fe(;:] t.he critical water application rate is also investigated F= 0.23Q'§/5 —1.02D; 1)
in this paper. .

e The spF;aS axis is perpendicular to the fuel surface. The Where Q. is the total heat release rate (kW) ang is the
water droplets are considered as spheres. The interacfuel surface diameter (m).
tion between droplets is neglected. The radiant heat at- .
tenuation by water droplets and vapor is neglected in 3-2- Heat balance at the burning surface
this model as the droplet size considered is larger than
100 pm. As reported in the literature [23], thermal radi-
ation would only be significant for very small droplets
of diameter less than 30 um. The forced convective heatg';, +q’. + 4, =gy, +m't Ly + iy, Ly )
transfer from the flame to the droplet increases initially
the droplet temperature because evaporation effect is

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

whereg’;, andg, are the radiant and convective heat flux

/A
negligible. Upon reaching the boiling temperature, the M the flame to the fuel surfacq, is the external heat
droplets will be evaporated. Other water droplets not yet quxf to tZe fuel surfgpeg,,. ,',S,thﬁ heat Io;s ﬂquf fr?m tﬂe
evaporated will reach the fuel surface to reduce the fuel surface due to re-radiatior, is the mass flux of fuel at the

pyrolysis rate by cooling. The movement and evapora- Surfaceyivy, is the mass flux of water spray at the surface,
o If the fuel specimen is vertically located, the horizon- Of water cooling respectively.,, consists of both the latent

tal flame thickness will affect the spray movement and heat of water evaporation and the heat to increase droplet

heat transfer, and the thickness can be estimated by thd€mperature. For a horizontal sample, the heat to increase the

thermal boundary layer method for wall fires. To sim- Wgter vapor from boiling temperature to flame temperature

plify the model, the flame boundary can also be assumedWill be '“C|Uded_'“Lw- _

with an fixed angle, say 25to the vertical axis (see As reported in the literature [6], the net heat flux to the

J -1 -1 -1 H R

Fig. 1(b)), by making use of an analogy to the plume Surface (denoted @g = ¢, +4. —qy,) remains relatively

angle due to buoyancy since there is no available cor- cor)stant and can be deterr_nlned experlmentally b_efore ap-

relation so far [22,24]. The maximum flame thickness plying the water spray. Taking as the critical fraction of

was used to calculate the minimum water application heat loss that was transferred back to fuel surface before ex-

rate required for fire extinguishment. Actually, the thick- tnction,

ness for vertical flame is smalle'r than that for horizontal g% + 4. =¢AH-m; , 3)

flame. Effect of the flame velocity on water drop move-

ment is not so significant. The above assumptions are

therefore acceptable. Go +q. =1y, Ly +1ity, Ly (4)

wherem’, _ is the critical fuel mass flux at extinction, and

H ,Clr
ﬁote t:ldat in the p;lresent rr?ode!, rt]he water vspor %er;]er- AH, is t{1e combustion heat of the fuel volatiles H. and
ated would act as a flame extinguishing agent through t er'AHR(Oz) can be correlated by:

mal and dilution effects to reduce the critical fraction at

the same time. This is different from Beyler’'s model, where , _ AHR(O2) Y0y (5)
the flame and droplet characteristics were neglected. There, AH,

water spray of large droplets was considered to cool the whereA Hg(O») is the heat of reaction of oxygefip, ~ IS
fuel surface only. Thermal effect on flame extinguishment the ambient oxygen mass fraction, ani the mass based
through reduction of the critical fraction was not included. stoichiometric fuel to air ratio.
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The critical mass flux of fuel at extinction is determined ¢ =k[1— {(1+r)c,(TarT(SL) — To) + g.Y,
by the convective heat feedback to the surface and can be
: v— T, SL) —Tp)Yy
given by [14]: + (cpv — ¢p) (TArFT(SL) — Tp) l}
h [1 YOZAHR(OZ)} x {AHR(02)Y0,00(1— Y)} 7]
+ P ——

./ — In 6
Mher = SAH, (6) _ {¢O oy [1+ Ge + (cpy — cp)(TAFT(SL) — T,,)“

In the above equatior;, is the specific heat of the com- AHR(02)Y0,,00

bustion productsYo, is the oxygen mass fraction in the air x(1—Y,)t (9)

stream, and is the convective heat transfer coefficient from ) N .
the flame to the fuel surfacé.might be taken as a constant Wherec, is the specific heat of water vapgg, is the latent
for a particular material and fuel surface configuration [14]. heat of water vaporization, any, is the mass fraction of
This value can be estimated from correlations derived from Water vapor in air streant,, can be expressed as:
free convection of external flow geometries [24]. Two meth- S e
. . . mwo mw
ods were used to estimatdn this paper: YZw=—/—""
mf’cr/r
and Grashof number from free convection are used. and after traveling through the flame. Note that the smaller

(10)

Method B: Empirical values are used directly by takingo drop size and velocity, the larger the mass fraction of water
be independent of the fuel surface d|ar?la/liafor vapor and the smaller critical fraction of heat loss.
turbulent conditions, and proportional fo™~/* for Introducing Eq. (9) into Eq. (7) would give the heat bal-
laminar conditions [8]. ance equation at extinction under water spray application

Introducing Eqg. (6) to Eq. (4) would give Gl —m! Ly
i . Lyh Yo, AHR(0O2) . Lyh
Gy — 'y Ly =—In[1+2— — 40 @) === In| 1+ {Yo,AHR(O2)(1 - Y,)/ AH: 1 ¢
p ¢AHC Cp
Note that lower critical fraction of heat loss would result in Ge + (cpo — cp))(TarT(SL) — Tp) 1] 2
larger critical mass flux of fuel at extinction. Therefore, less — kY, [1 + AH :| } :|
" . . \ o r(02)Y0,,00
water application rate is required for fire extinguishment un- .
der a fixed external radiant heat flux. — 4o (11)

It can be seen from Eq. (9) that the critical fraction would be
decreased by the water spray before extinction by producing
water vapor. As shown in Eq. (7) or (11) difreaches 0 when
large amount of water is applied, the right-hand side of the
equation will tend to infinity. That means the flame will not
be sustained any more, even under a high external heat flux.
This point is quite important for extinguishing a solid fire
with fine water spray to prevent combustible fuel gas from

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

Before applying a fire extinguishing agent, as discussed
in the literature [14], using the analogy between limit pre-
mixed flames and diffusion flames as assumed would give
an expression for the critical fraction of heat loss before ex-

tinction ¢g: .
ignition.

b0 = ks = k[l ~ A+r)ep(TarT(SL) To)} ®) | N

AHR(02)Y0,,00 3.4. Equations for description of water droplets
wheregs, is the fraction under stoichiometric limik, is a
coefficient and normally taken as 0 is the initial tem- The droplet size distribution can be described by a finite
perature of the reactants prior to combusti@asT(SL) is number, say 4 or 5, of size classes. The droplet number for
the adiabatic flame temperature (for most fuels, this is abouteach class size can be determined by integrating droplet dis-
1700 K). tribution function in a quasi-steady condition as discussed in

Under the action of water spray, water vapor generated the literature [20]. The production of water vapor can be cal-
from the water droplets heated up by convection would act culated by comparing the mass flux of water spray before
as a flame extinguishing agent through thermal effect to re- and after traveling through the flame. The mass flux of water
duce the critical fraction. If effect of water vapor is not yet spray can be calculated by drop size and velocity.
significant, the critical fraction would not change as consid-  The equation of motion for théth water droplet in the
ered in Beyler's model. But when more water vapors were flame can be described as:
generated, most heat would be absorbed from the flame to
reduce the oxygen fraction and increase the heat capacity of3di _ [Mg _ 305 Cai \Ugi — Uy|(Ugi — U ):|
the combustion products. Therefore, the critical fracipon dr o1 4p D g #
would be affected as: (12)
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whereUy; andU, are the velocity of théth droplet and the
flame gas velocity respectivelyijs the time;D; is the diam-

eter of theith droplet;p; andp, are the density of the liquid
water and the flame gas respectivaly; is the drag coeffi-

The above set of equations is a complete system of coupled
first order ordinary differential equations. It can be solved
numerically using & marching Runge—Kutta scheme of the
fourth order to give the water spray characteristics reaching

cient andg is the acceleration due to gravity. For horizontal the burning surface. Computed droplet temperature, diame-
water spray, the item for gravity can be taken as 0 since only ter and velocity can be used to calculate the production rate

these spray reaching fuel surface are concerned.

of water vapor. With those results, the critical fraction of heat

The drag coefficient can be correlated by Reynolds num- loss and the surface cooling effect can be estimated.

ber [25]:
5—; 0<Re <0.2

Cxi =1 s +548Re >°"°+0.36 02 <Re <1000
0.44 1000< Re; < 1 x 10°

(13)
The Reynolds numbdRe; is defined from the relative veloc-
ity between theth droplet and the hot gas:
Di|Uai — Uglpyg
Mg

wherep, is the dynamic viscosity of the flame gas.
As assumed, the convective heat transfer betweeitlthe
droplet and the flame can be expressed as [13]:

Re = (14)

dTy;
piVaicpr—— o =hiAgi(Ty — Tgi), Tai <Tp
dD; 2k
id—tl = _Cpggpl NU; In[cpg (Tg — Tui)/qe + 1]
Tai =T, (15)

whereV,;; andA,; are the volume and surface area of ttre
water droplet respectivelyy; andT, are the temperature of
the ith water droplet and the flame gas respectivé@ly;s
the boiling temperature of water;; andc,, are the specific
heat of the liquid water and the flame gas respectivelys
the thermal conductivity of flame gas; is the convective
heat transfer coefficient from the flame to tith droplet,
which can be evaluated using:

hi D;

Nu; = = 2.0+ Re//?Prl/3 (16)

8

whereNu; andPr are the Nusselt number and Prandtl num-

ber of the gas.

4. Simulation conditions

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

| Input fuel configuration and external heat flux

|

I Calculate fuel mass flux m; and Ih'/'»,k,

'

No

Extinguished

| Calculate flame thickness and temperature |

Y

Calculate heat, mass
and momentum transfer

Input water spray
characteristics

‘ |
Calculate remaining

water spray to fuel
surface

Y

Calculate water vapor
in flame and critical
fraction of heat loss ¢

As the evaporation process is assumed to be quasi-steady, i ¢

the variables of water droplet are only dependent on the dis-
tancez traveling through the flame. Eqgs. (12)—(15) can be

further rewritten as:

dUg; [Pl Pg 3:0g :|
Ugi = —U,|(Ugi — U
di dz o1 4 o1 D g|( di g)
17)
and
d7y;
prcp DEU i —= & =06kgNU; (Ty — Tyi),  Tui <Tp
dD;
cpgp1DiUgi —— dz
= _Zngui In[cpg(Tg - Tdi)/Qe + 1]’ Tyi =Ty (18)

Calculate heat balance
at burning surface

Extinguished at any
external heat flux

Fig. 2. Calculation procedure flowchart for studying PMMA fire extinguish-
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 Class 2 size Class 3 size Class 4 size
1000 pm 600 pm 200 pm 100 pm
Spray 1 VMD 800 pm Number ratio 8679 05146 01109 Q0066
Volume ratio 07665 02316 00018 00000
Spray 2 VMD 250 pm Number ratio .@000 00166 Q7891 01943
Volume ratio 00000 03558 06249 00192
Spray 3 VMD 150 pm Number ratio .@000 Q0000 03679 06321
Volume ratio 00000 00000 08232 01768
. . . . 87 2
real fire scenarios. The experimental data of heat of fuel gasi- ] ,
fication from the literature [6] were 1508 kg~ for burn- T 7] J
ing vertically and 1773 kg~ for burning horizontally. ﬁ/) )
The external radiant heat flux was up to 30 kW2, The £ %7 J
burning rates without external heat flux were 5.61g%-s~1 5 5] /A{/ A
for burning vertically and 7.7 .q1—2.s~1 for burning hor- g 1 )
izontally. Other main physical properties of PMMA spec- &4 N »
. . . . o ] /2 L
imens used in the nL_JmencaI experiments were: combus- 5 | o - Caleuated, vertial with h from method A
tion heat of fuel volatiles 24900 K&~; mass based sto- 2 37 S N galcu!ated, vleréical w%thf?frommethodB
L. . . . < 1 . , vert
ichiometric fuel to air ratio 0.12; and flame temperature % ] _/,,/' AL Czllacelj;:::g,tzl‘"lo[riiozfalli:‘:thhfrommethodA
1260 K. o X /‘."' ------- Calculated, horizontal with /2 from method B
. . A Experimental [6], horizontal
The diameter of the uniform spray ranged from 100 to ¥ * PeeimenPhhoonal
2000 pm. An investigation on the effects of relative droplet 0 ° 10 1 2 2 %

velocity was also conducted and the value ranged from 2.5 External radiant heat flux (kWm”)

to 12.5 ms~1. In practical application, the water spray may
contain a variety of droplet sizes, and the comparisons be-
tween a practical spray and a uniform spray were conducted
in this paper. For a practical spray, 4 classes of typical o1 ) . )
droplet sizes were selected to represent the whole spray,g'lzw'm1 ‘K™, while the empirical value is about 10-W
i.e., 1000, 600, 200 and 100 um. The volume mean diam- M~ K= for wall fll’.eS. Both the.calculated results are in
eter (VMD) was used to describe the size characteristics andd00d agreement with the experimental data. For horizon-
number of each class of droplet size was predicted by the @l Specimen, thze esltlmatgd value using Grashof number is
droplet distribution function. The sprays with VMD of 800, about 8-92W”‘; ‘K™, while the empirical value is about
250 and 150 pm were selected, and the droplet number andt3 W-m~*-K™". The calculated result using the empiri-
water application rate for each class of typical droplet size ¢@l value is in good agreement with the experimental data,
are shown in Table 1. Note that the values have been nor-While the result using the estimated value is not good, and

malized by the total droplet number and water application over-estimation of critical water application rate is about
rate respectively. ~1. The actual heat transfer coefficient at ex-

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

0.4 gm—2s
tinction might be larger than the value calculated by using
Grashof number. These suggested empirical values appeared
to be more suitable for use in this present model, and so se-
lected for the following calculations.

Since the external radiant heat was applied to enhance the At near extinction, flame radiation becomes insignificant
burning rate of the small-scale PMMA specimens to simu- While convective heat transfer would play an important role.
late a real fire, water application rate required for fire ex- As discussed in the literature [8], fuel mass flux would
tinguishment would increase with the external radiant heat decrease when mass pyrolysis rate decreases, and surface
flux. The predicted and experimental critical water applica- blowing effect would then decrease to increase the convec-
tion rates for both vertical and horizontal configurations at tive heat transfer. Therefore, maximum convective heat flux
different external radiant heat fluxes are plotted in Fig. 3. from the flame to the fuel surface is found at extinction.
The experimental data was taken from literature [6] and the With larger convective heat transfer, the critical fuel mass
droplet diameter is 1300 um. Without external radiant heat flux increased and the extinction condition will be easier to
flux, the critical water application rates for both horizontal achieve.
and vertical configurations are from 1.2 to 1.8g2%.s™ L. The slope of the curve represents the cooling effects of

For the vertical specimen, the estimated convective water. The value for the vertical specimen curve is smaller
heat transfer coefficient using Grashof number is about than that for the horizontal one. This phenomenon, e.g., [14]

5. Resultsand discussion
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Fig. 5. Critical water application rate versus external radiant heat flux horizontal PMMA.

with various droplet diameters for horizontal PMMA (Droplet velocity:

25ms1). » . .
When the critical fraction approached O under a critical

water application rate as shown in these figures by a dash
is due to the additional water vapor cooling effect, which is line, the critical mass burning rate approached infinity, and
significant for horizontal specimen but not for vertical spec- the water spray of droplet diameter 200 or 100 um in the
imen. present paper would cause flame extinguishment even under

The predicted results for critical water application rates a high external heat flux in real fires, say up to 100-R\W2.

are plotted against external radiant fluxes with various This critical nonlinear phenomenon is quite different from
droplet diameters for vertical and horizontal PMMA in that of surface cooling. Note that the fuel surface under ap-
Figs. 4 and 5, respectively. For larger droplets, the surface plied external radiant heat flux would release toxic and com-
cooling effect played the absolutely dominating role, so the bustible gases to the environment, which might cause danger
curves are almost linear. With the decrease in droplet diam-to human and lead to re-ignition [23,26]. The surface cool-
eter, the convective heat transfer from hot gas to dropletsing would reduce pyrolysis, while the flame extinguishment
increased, resulting in the increase in droplet temperature.due to the decreasing of the critical fraction by water vapor
Therefore, the effective surface cooling effect of liquid water would prevent the combustible gases from re-ignition under
decreased. For the horizontal specimen, the critical fraction the high external heat flux.
and the critical mass burning rate are plotted against the crit-  For the vertical configuration, the thickness of the flame
ical water application rate in Figs. 6 and 7, respectively. For was small, so the droplet of diameter 200 um would not
larger droplets, little water vapor was produced; while for be evaporated entirely in a short traveling time, but the
smaller droplets, with decreasing droplet diameter, the waterdroplet of diameter 100 um would. This critical water ap-
vapor fraction increased, the critical fraction decreased andplication rate for droplet of 100 pum is about 5.4g2-s~1;
the critical mass burning rate increased, resulting in easierwhile for the droplet of 200 um, this value is larger than
extinction. 9.0 gm 2571, For the horizontal configuration, both
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Fig. 9. Critical water application rate versus external radiant heat flux with

with various droplet velocities for horizontal PMMA (Droplet diameter: ~ water spray of various VMD and uniform water spray.
200 pm).
formance with less water application rate under high external

droplets of 100 and 200 pm would be evaporated entirely, radiant heat flux.
so the critical values are 6.8rg~2-s~1 as shown in Fig. 6.
However, the assumption of rapid mixing of oxygen and wa-
ter vapor has been made for the present model, and actuallys. Conclusions
the fluid dynamics would affect this process significantly.
In practical applications, the preferred water application rate  The extinguishment of PMMA fire by both larger droplets
should be several times larger than the critical value [4]. Ex- from sprinkler water sprays and smaller droplets from wa-
perimental data indicated that water mists of diameter aboutter mist system can be simulated by using a thermal model
200 um and mass flux about several tenatf-s~* could described in this paper. Suppression mechanisms include
extinguish small-scale PMMA fires under external radiant oxygen displacement, gas phase and surface cooling. Sim-
heat flux of 14 and 25 kwWh~2 in a short time [7]. ilar approach can be extended to model how water spray

The predicted results for the droplets of diameter 200 pm would interact with other plastic fires. Obviously, assump-
with various velocities are shown in Fig. 8. With increasing tions made should be verified by experiments such as deter-
droplet velocity, the traveling time in hot gas decreased and mining the convective heat transfer coefficient under critical
the surface cooling effect would contribute more to extinc- conditions. This model will be further developed for study-
tion than the flame extinguishing effect. The curves would ing fire extinguishment of other solid fuels. Modification and
change from nonlinear to linear types. comparison with experimental studies will be conducted and

As discussed earlier, smaller droplets would contribute reported later.
more to reduce the critical fraction for flame extinguish- With lower water application rate, the larger droplets
ment, while larger droplets would contribute more to sur- would perform better than the smaller ones. With higher wa-
face cooling. Therefore, it is reasonable to employ a water ter application rate, the smaller droplets might perform better
spray containing a variety of suitable droplet sizes to extin- than the larger ones. A possible explanation is because the
guish PMMA fires. As shown in Fig. 9, for practical spray reduced critical fraction of total heat released back to fuel
of larger VMD, say 800 um, a little higher water applica- surface might result in a critical water application rate with
tion rate was required for fire extinguishment than that for which the flame cannot be sustained even under a high exter-
the uniform spray of the same droplet size. This is becausenal heat flux in real fires. The spray containing a wider range
the temperature of some smaller droplets in the practical of droplet sizes would perform better than a uniform spray
spray increased, resulting in the decreasing of cooling po- when extinguishing PMMA fires under high external radi-
tential. There is no difference between the practical spray ant heat flux. Less critical water application rate might be
of smaller VMD, say 150 um, and the uniform spray of the required for fire extinction under high external radiant heat
same droplet size since all of them were evaporated in theflux.
hot gas. There is significant difference between the practi-
cal spray of medium VMD, say 250 um, and the uniform
spray. Note that the volume ratio of 600, 200 and 100 pm in Acknowledgement
the practical spray of VMD 250 um are 0.3558, 0.6249 and
0.0192, respectively. The combined effect of surface cool-  This project is funded by the Research Grants Council of
ing (mainly due to larger droplet) and flame extinguishment Hong Kong (Account No. B-Q408) and the China NKBRSF
(mainly due to smaller droplet) resulted in such better per- (Project No. 2001CB409606).
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