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ABSTRACT

The role of water sprinklers and water mist systems in prevention of flashover development in
compartment fires is investigated by an analytical zone model approach. A heat balance
equation for the upper hot smoke layer is analysed using the techniques of the thermal
explosion theory. Two limiting cases of non-evaporation and complete evaporation are
considered. An analytical model is developed to represent droplet motion and heat loss from
hot layer of combustion products to non-evaporating water spray. The critical water
application rate required to prevent flashover development is found as a function of spray and
fire characteristics.

KEYWORDS: Fires, Flashover, Water suppression systems

NOTATION

a;,  model coefficients
A surface area

A¢  fire burning area
Cp specific heat

Cp  drag coefficient
droplet diameter
Fractional height of the inter-zone boundary
droplet size distribution
density of droplet size distribution
heat gains into smoke layer
convective heat transfer coefficients
height of compartment
heat losses from smoke layer
droplet mass

‘o mass outflow from compartment
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Nu  Nusselt nuibes

Qv charactenstic heat flux to smoke layer

q heat flux to fucl bed from fire

Re  Reynolds number

t time

T temperature

U tangential velocity component of the droplet
v vertical velocity component of the droplet
Greek symbols

o emissivity

A smoke layer thickness

Ah,  heat of combustion

Ahy,p heat of vaporisation of fuel
% efficiency of combustion
B dimensionless temperature
p density

c Stefan-Boltzman constant
T dimensionless time

¥ water discharge rate

Subscripts

0 initial

cr critical

p particle

spr  spray

u upper zone

v vents
INTRODUCTION

Flashover is a stage in compartment fire development which can be described as a rapid
transition from a slowly growing to a fully developed fire.

The are two scenarios which can lead to flashover. First is associated with rapid fire spread
over unburned parts of fuel and subsequent sharp increase in fire power. However, flashover
is also possible in situations where fire burning area does not change significantly. The
underlying mechanism in this (second) scenario is essentially a positive feedback from fire
environment to the burning fuel. Formation of hot ceiling layer at the early stages of fire leads
to radiative feedback to the fuel, which, in turn, results in an increase of the burning rate and
the temperature of the smoke layer. If heat losses from the compartment are insufficient, then
a sharp increase in the fire’s power (i.e. flashover) will eventually occur.

Theoretically, flashover has been studied by both analytical and Computational Fluid

Dynamic (CFD) approaches. Luo et al. [1,2] demonstrated that detailed CFD modeling can

predict flashover development in a complicated multi-room geometry. The application of field
modeling to flashover is, however, still a difficult task because of strict computational
requirements on the accuracy of radiation modeling and the lack of reliable models of flame
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spread over various solid fuels. Disadvantage of CFD approach is that it is only apphcable to
a particular physical configuration,

On the other hand, flashover can be theoretically analysed using zone modelling of fire along
with the methods of non-linear dynamics. Early attermpts to investgate thermal instabilities,
which may be interpreted as flashover, were made by Thomas [1,4] Further investigations of
flashover by methods of non-lincar dynamics [3.61 have revealed a nature of bifurcations
which represent flashover in a space of appropriate controlling parameters.

The mechanism of positive non-lincar feedback mukes flashover phenomenon similar in
many respects to the classical thermal explosion theory. This analogy has been used [7,8] to
develop an analytical approach to the prediction of critical conditions (or flashover.

Early in fire development the combustion products are usually segregated in a well-stirred
ceiling layer with roughly homogeneous properties. For this reason, zone models are able to
achieve reasonably good qualitative and quantitative agreement with experiments, as has been
demonstrated in [6]. They also provide valuable analytical solutions which clearly identify the
important physical effects and have general meaning, in contrast to the case-oriented field
mode] results.

However, there is still little information on flashover development in the presence of fire
suppression systems. It is clear that even if sprinkler or water mist system cannot suppress the
fire completely, it can restrict fire growth and prevent flashover due to cooling of the hot
smoke layer. Therefore, the effect of sprinkler operation on flashover is of significant interest
for fire safety.

Preliminary considerations of this effect by means of zone modeling have been made by
Novozhilov and Kent [9]. In the present study an analytical model is developed to predict
effect of water-based fire suppression systems on flashover development. A more
sophisticated approach, compared to [9], is taken to model water droplets motion through the
smoke layer, which results in more accurate estimations of critical water application rates. An
additional case of very fine water mist is also considered in the present study. The critical
conditions for flashover are obtained as a correlation between fire characteristics and sprinkler
discharge rate. The results are generalised for arbitrary droplet size distributions.

FLASHOVER ZONE MODEL AND RELATION TO THE THERMAL EXPLOSION
THEORY

In the most general form the flashover zone model has been developed in [7]. In an enclosure
with one opening, flashover is principally described by four stages. The hot buoyant plume
develops at the first stage following ignition, and then reaches the ceiling and spreads as a
ceiling jet (second stage). During third and fourth stages the hot layer expands and thickens,
and rearrangement of the flow through the opening takes place.

During the second stage a well-stirred layer of combustion products is formed, and a zone
approach may be applied. Under this approach, the compartment may be divided into two
layers which are represented by average temperatures T and T, (Fig. 1). Flashover is assumed
to happen during the initial, fuel-controlled stage of fire, so that the temperature of the lower
layer may be assigned an ambient value. Few other assumptions are listed in [7].
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Droplets

FIGURE 1 Schematic of the zone model

Application of zone modeling involves the consideration of the heat balance equation for the
upper hot smoke layer which is

dar
mec—=G-L 1
" ()]

where ¢ is time, m, ¢, and T are mass, specific heat and temperature of the smoke layer,
respectively. The functions G and L on the right hand side describe heat gains and losses from
the layer.

In the absence of water spray, the right hand side should generally include the terms
corresponding to the rates of heat gain to the smoke layer and heat losses due to outflow
through the opening and due to convective and radiation losses to the walls and fuel. In the
present study we only consider the case of large thermal inertia of compartment walls, which
implies that the time scale for the wall heat-up is much larger than that for the flashover. This
assumption is not restrictive as it retains all the major effects in the system behavior while
removing unnecessary analytical complications. The cases with low and intermediate thermal
inertia may be considered without significant difficulty [7,8].

The equation (1) is non-dimensionalised based on the ambient temperature Ty, characteristic
heat flux (per unit time) to the upper layer Qy

Qy=A,q Ak Ah,, @
and the characteristic time of heating of the upper layer
t.=me,T,/Q, (3)

In dimensionless variables the equation (1) for the case of large thermal inertia of
compartment walls is reduced to [7]
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The model coefficients a; ; are determined by the fire physical and geometrical parameters:

=0, 0A T 100,04, + (- DA, - A, B 1,
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~a, 04,1, 10,- o, 6[A,-(1-D)A I} 1Q, Q)

a,=[4,~(-D)A BT, 1Q,+ (1-D)ART, 1Q,+m_ (1-DWAc,T, 10,

and have clear physical meaning. The first coefficient describes the rate of net heat gains into
the smoke layer due to radiation.

Parameter a; characterises the net convective heat losses from the hot layer which occur due
to outflow through the opening and the heat exchange between the smoke and cold
surroundings.

The problem of flashover resembles the classical thermal explosion theory because in the both
cases the system behavior is essentially determined by competition between heat gains and
losses. The equation (4) can be investigated by similar techniques which are well developed
in the thermal explosion theory [7].

In general, there may exist three solutions of the heat balance equation (1). The stable
solutions represent fuel-controlled and ventilation-controlled fires. The third solution is

unstable, and small perturbations around this point will result in a large change of
temperature. The critical conditions for flashover existence are determined by

aG dL
)=L() 5 ——(B)=—=(4 6
G@)=L(%) dﬁ(ﬂ) dﬂ( ) (6)

It easily follows from equation (4) that the critical conditions are written in the following
form

a @ -)~a,@ -1) +1=0; 4a0. -a, =0 )
These two equations determine critical boundary in the plane (a,,a;) in the parametric form
a =Bt -4 +1]"; a, =49} (30¢ -4} +1)' ®)

where the critical temperature J« serve as a parameter. The critical curve separates regions of
parameters representing flashover and low intensity fire (Fig. 2).
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SPRINKLER INTERACTION WITH THE SMOKE LAYER

Activation of fire suppression system will have effect not only on fire suppression, but also
the possibility of flashover in the case where fire is not fully suppressed. In the case of
sprinkler / water mist system, the primary effect on flashover development will be cooling of
the smoke layer and subsequent reduction in the radiative feedback to fuel.

We consider a situation where the sprinkler / water mist system fails to suppress fire directly
(e.g. due to obstruction to direct action of the spray on fuel or low momentum of the spray),
and therefore its only influence on fire development is through absorption of heat from
combustion products.

The net heat loss to the spray would be determined by heat-up and the mass loss rates of
single droplets and their residence times within the hot layer.

We consider the interaction of a sprinkler spray with the hot layer of thickness A and
temperature T (Fig. 1) and assume uniform heat absorption into the spray within the layer.
This assumption is reasonably accurate if the width of the spray is comparable with the length
scale of the fire burning area, or if a number of water suppression systems are operating
simultaneously over a large fire area.

The activation temperatures for suppression systems are usually low compared to typical
critical flashover temperatures, so the activation times are assumed to be zero in the present
study.

In the presence of a water spray there will be additional heat loss from the smoke layer. The
problem can be analysed analytically in the two limiting cases, as will be shown below. These
limits corresponds to the purely convective heat loss to the spray and complete evaporation of
water mist. The intermediate case is likely to require numerical approaches. However, simple
analytical models developed in the present study give a good indication of water application
rates required for the control of flashover.

RESULTS AND DISCUSSION

Coarse Spray (Non-evaporation) Limit

As has been shown in [10], the heat transfer between the smoke layer and a water spray from
a conventional sprinkler is predominantly convective.

The total heat absorption by a single droplet of diameter d in the absence of evaporation can
be represented as

0, =57@I2'p,C,T,~Ty) ©

where p, is the density and C,, is the specific heat of water. The temperature Ty is the initial -

droplet temperature; T4 is the temperature of droplets at the exit from the smoke layer.
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In order to calculate the heat loss to water spray Q. 1 I8 fiecessary 1o solve the equations of
motion and heat transfer for 4 single droplet. Since we avsume that no evaporation takes
place. the mass of the droplet does not chunge and the dynanic and heat transfer problems for
the droplet can be solved separately.

The analytical solution for the droplet motion has been obtuncd i [9] using the latinar
cxpression for the drag coefficient. Such approach underestimates the drag in the range of
Reynolds numbers which are relevant for the sprinklers More accurate approach is developed
in the present study, as demonstrated below.

The general equation of the droplet motion through a quicscent environment (neglecting
forces other than drag) may be written as a following set of the iwo equations for the velocity
components [11]:

dU o
mjh—:—%deD,/U2+V2U : m‘z—v=—%dpcm/u’ VIV Ly (10)
1

For a typical conventional sprinkler the Volumetric Mean Diameter is of order of /2 mm.
Taking the characteristic droplet size as / mm, Reynolds particle number for the droplets
exiting orifice at velocities of 10 — 20 m/s may be estimated as Re ~ 700 - 1500. In this range
drag coefficient for spherical particles is a weak function of the particle Reynolds numbci
[11] and varies between 0.47 and 0.6. Therefore, it may be represented by a constant value
with sufficient accuracy.

Obviously, even with the constant drag coefficient the above equations are still coupled with
each other. However, since droplets hit sprinkler deflector, their vertical velocity may be
assumed to be small compared to the tangential velocity. Since the drag coefficient is
assumed to be constant, then in the case V << U the equations (10) become decoupled and
may be solved separately.

The system (10) is simplified as follows:

T v T
—=-"dpC,U*; m~—=-"-dpC,UV + 11
m g PCo m— =gl mg (an

The first equation contains only the tangential component, and has the following solution

-1
1 T ,,

U=|—+—d pC,t 12
[UO = pu} (12)

Substitution of this solution to the second (V — component) equation yields

-1
;nd—v=_£dpc,,[i+81d2pc,)t) Vimg (13)
m
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Solution of this equation is written in the following form

K Vo—ﬁx
V= 2 +§(t+x‘) (14)

t+K
where

ot Prd (5)
3¢, p U,

Since the droplet position in vertical direction is determined by

z =jV(s)ds (16)
0

the following equation is easily derived to estimate droplet exit time ¢ from the smoke layer

g ) g e
K| Vo—=K |In| 1+— [+=1 |t +2k }=A 17
(-] [ a ] i vae)e an
The thickness of the smoke layer is expressed through the fractional height of the thermal
discontinuity plane, D, and the height of compartment, H: A = (I-D)-H.
The heat transfer equation for the droplet heat-up may be written as

dT, kNu

4
—nd/2)’p C —L=""md*(T-T 18
3 d/2yp,C, &t 4 (T-T,) 18

Nusselt number is a rather weak function of Reynolds number (Nu ~ Re!? [11]) and may be

represented with sufficient accuracy by its constant average value.

Droplet heat-up until the moment when droplet exits the smoke layer is obtained from
equation (18)

6kNu .
T,-T,={1-exp| -———t || (T-T,) (19)
a— 4o 1: P|: Ppcpd2 H ( 0

Expressions (17) and (19) allow the calculation of heat loss to the spray according to (9).

Any spray is characterised by the droplet distribution function F(d), i.e. F(d) is the mass;

fraction of droplets with diameters smaller than d. Using (9), the total heat loss to the spra,yf
can be written in terms of the distribution density function f{d) = F (d) as

0, = ¥e, [ £()T,~T, s (20)
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where W is a sprinkler discharge rate.

Tuking into account the temperature change along the droplet trajectory (19), the heat loxs
rate (20) is rewritten as

w7 6kNu .
QJ_P,—‘Pcplf(s)l:l—exp[— o.C :,: ”d.r-(T~T,) (2n

[

Since heat los§ to water spray is proportional to the temperature difference between the smoke
layer and environment, the general temperature history equation (4) has the same form in the
presence of sprinkler, but with the modified convective heat loss cocfficient:

dv .
S ® -D-4@ -1 22)

The expression for the modified convective heat transfer coefficient follows from (21)
immediately

e T, =
A=a,+ g) 0 J.lil—ex{— p6kN“2 :‘(s)ﬂ f(s)ds (23)

° ,Cp8

The transitif)n from flashover to low intensity fire due to water discharge by sprinkler may be
interpreted in the plane of governing parameters (ay,az), as shown in Fig. 2.

Supposg the coefficient a, is fixed and the system is initially in the flashover area (Fig. 2). As
water dxscharge rate (and the coefficient a, correspondingly) increases, the point (a;,a,)
moves to the right until it crosses the flashover boundary at some critical value of a,.

E
| 0.15 - 2= olar)
0.12 -
FLASHOVER
- 0.09 - Increase in
© 0.06 - R water discharge
0.03 - (as,a3) | LOWINTENSITY
i FIRE
0 T T "_“T'"*-' . VT T T
0 0.5 1 1.5 2.5 3
‘ a Critical value
2

FIGURE 2  Flashover critical boundary and effect of water discharge rate

347




I'he critical water discharge rate will depend on the distance between the point (ay,a;),
representing the imtial parameters, and the critical curve which we denote as a4y = @fay).

The critical sprinkler discharge rate to prevent flashover is therefore given by

-1

v, =2 I{l—exg{—éﬁly"%"(ﬂﬂf@)ﬂ (o@)-a,) (24
pP,C,Ss

The expressions (5) for the coefficients a;,a; allow the critical water application rate to be
determined as a function of any geometrical and physical parameters of the fire.

Fine Spray (Water Mist) Limit

Very fine water mist may be expected to evaporate completely in the hot smoke layer. Results
of CFD simulations [12] show that this is generally the case for the droplets with the
diameters d < 0.1 - 0.2 mm. In fact, water mist systems often fail to deliver mist into the
burning region and suppress fire. However, they may be able to prevent flashover. In this
case, the opposite limit (complete evaporation) is achieved.

LOW
discharge rate o ||“n\'\'»‘~\“ . . INTENSITY
(kgfs) it ,;:;::: ‘ 8  FIRE

"nn

"lll ]l|l' '"‘"‘m ‘\\‘
i |3:;‘|;;<:

"mtmm

FLASHOVER | . '”,lhl““ TS
0

| i

FIGURE 3 Critical surface for flashover in the case of water mist system

Assuming total evaporation, the temperature history equation takes the form

32=1+a1(194—1)—a2(19 -1) -p¥ (25)
T

where the additional heat sink is proportional to the water application rate and the parameter y |

is defined as
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{8 L) H,

(26)
<
the critical conditions (7) are written in this case as follows
a0 =D=a,® -1 +1=p¥ ; da®.' -a, «0 27

from which the following expression for critical waler application rate follows:

4/3 141
. a.
‘II.,ZYI a (ﬁ] ~1 —a, {41;-) ~1 R (28)
[}

The critical conditions may be interpreted in the space of the three independent parameters
(‘¥ as, az), rather than on the plane as it is the case for freely burning fire. The equation (28)
determines the critical surface in that space shown in Fig. 3. The flashover area is below the
surface (between the critical surface and the plane (a;,a,)). Above the surface the flashover is
impossible. The critical surface intersects with the (a;,a;) plane exactly by the critical curve a;

= (P(az).

Example of Calculation of the Critical Flashover Conditions

In order to estimate the influence of a sprmkler consider the example given in [7] for the fire
with the heat release rate of 155 KW/m’ and the radius of burning area of 0.15 m.
Compartment dimensions for this case are 0.4 m x 0.4 m x 0.4 m. Fractional height of the
thermal discontinuity plane is taken as 0.5. Other relevant parameters may be found in [7].
Controlling parameters can be calculated as a; = 0.018; a, = 0.47. Equation (4) gives the
flashover time of 21.2 s [7].

[n the case of non- evaporatlon limit, the critical value of a; is required. This value has been
found in [7] to be A;" = 0.49. Assuming the uniform droplet diameter in the spray of 400 um,
the minimum water flow rate required to prevent flashover would be, according to (24), ¥,, =
0.23 kg/s. This value is lower than previously estimated [9] due to more accurate
representation of droplet motion in the present study.

In the case of full evaporation, the critical value of ¥ is found directly from (28) to be ¥,, =
5.3-10° kg/s. As expected, water mist (if evaporated uniformly through the smoke layer) is
most effective in the prevention of flashover. It should be noted, however, that non-
evaporation case provides the upper limit for the critical water application rate. For most real
sprays, the critical rate will be between the two limiting cases. Therefore, the analytical
models developed in the present paper provide the upper and lower limits for any real
suppression system.

In both limits the critical discharge rate is much less than used in real operations of sprinklers
and water mist systems, which suggests that fire control is achievable with much more
economic water supply rates.
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CONCLUSIONS

An analytical model has been developed for the estimation of the critical conditions for
flashover during application of water-based fire suppression systems. Two limiting cases of
spray behavior (purely convective heat transfer and complete evaporation) have been
considered. It has been shown that the equations of droplet motion and heat transfer can be
solved analytically with sufficient accuracy in the case of convective heat loss and
predominance of tangential velocity.

The minimum water flow rate required to prevent flashover has been found as a function of
droplet size distribution in the spray and fire geometrical and physical parameters. Critical
water discharge rate in the case of water mist system is approximately 40 times less than that
for a conventional sprinkler. In both regimes the amount of water required to prevent
flashover is significantly less than delivered by commercial fire suppression systems under
regular operating conditions.
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ABSTRACT

The article 1s discussing methods of extinguishing concentration (EC) determination of gas
compositions which intended for volumetric fire suppression. The article marked, that the “cup
burner” method appears to be insufficiently objective and universal. This fact indicates, that in
case of using this method we always receive overstated EC value in comparison with real
conditions of fire suppression. The article offers a more objective way of EC determination
that is the “cylinder” method which is based on introduction of the cup with a fire hearth in
prepared environment. The EC value is determined as relation between extinction time and EC
value. We made analytical research of accumulation process of extinguishing substance in
reaction zone of diffusion flame. The accumulation is made by its diffusion transfer from
environment. From the results of our research we determined an extinction time equalled 10
seconds. The EC value determines from the diagram "extinction time — EC". After processing
of the results we have the following: EC for 23 halon is 8.5 % vol and for halon 125 - 7.3
%ovol.

KEYWORDS: extinguishing concentration, “cup burner” method, ‘“cylinder” method,
extinction time.

INTRODUCTION

Today many countries conduct studies in order to find new "clean" agents of fire
extinguishing systems, which can be alternative to brom-containing halons. Moreover it is very
important to get adequate values of fire-extinguishing concentrations of these agents, which
will be in conformity with the real conditions of volumetric fire extinguishing. There are two
methods of determination of fire-extinguishing concentrations (EC): 1) "cup burner" method
(in many countries it was adopted as standard [1]); 2) "cylinder” method. "Cup burner" method
is in influence of air flow, with additions of fire-extinguishing substances, on flame of burner
with heptane. "Cylinder" method [2] is in creation certain fire-extinguishing environment in
hermetic cylindrical vessel of 50 | volume and bringing source of fire (small crucible with
burning heptane) in this environment. To our opinion, “cup burner” method is not enough
adequate for real conditions of fire extinguishing. Typical dependence of fire-extinguishing
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