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Abstract

This research experimentally investigated the combustion of polymeric materials with water
mist application in an enclosure, with an emphasis on the production of toxic gases. Two different
diameters, ~100 and ~260 um, were tested. The experimental conditions were determined
based on Froude similarity laws for low drop Reynolds number conditions. Droplets and poly-
mers’ physical and chemical properties influence the burning/extinguishing behavior and toxic-
gas evolution. In general, larger droplets can extinguish a fire in a shorter time, and toxic gas
concentrations in a test chamber decrease more rapidly. However, the large droplets tended to
cause the flame expansion phenomenon for thermoplastics by splashing molten polymer. This
flame expansion phenomenon led to a rapid increase in toxic-gas production rate. For a smaller
size of water droplets, the formation of a char layer tended to slow down the fire-extinguishing
process, which caused continuous CO production.

Keywords: Small-scale tests; Water mist; Froude similarity law; Low drop Reynolds number; Fire

toxic gases

Introduction

These days, the use of polymeric materials has been
widely established in various products such as automo-
tive, construction, clothing, and packaging industries
[1]; the popularity of these materials has increased. Un-
doubtedly, burning carbon-containing combustible ma-
terials can harm human health when they are exposed
to “smoke inhalation” [2]. In 2019, a major fire disaster
occurred in Kyoto, Japan. More than 70 casualties were
found in the Kyoto Animation Studio fire after an arson
attack [3, 4]. As gasoline was poured and a blaze was
set up near the front door, the flames and smoke in-
stantly traveled to every floor of the three-story build-
ing. The massive amount of smoke production can slow
down and block occupants. Consequently, most of them
could not have enough time to escape from the smoke-
filling building. In particular, inhaling highly toxic gases
mainly affects the respiratory system through physio-
logic malfunction. According to this catastrophe, it was
reported that 28 people from the 33 total fatalities were
lifeless due to toxic gas inhalation [5]. Thus, the analysis
of toxic-gas production during fire accidents must be

seriously considered.

Water mist protection is one of the recent technolo-
gies for organizations where water damage is a signifi-
cant issue. Also, it can be used instead of several types
of fire extinguishment agents with its advantages: non-
conductivity, less damage to property than sprinklers,
and environmental friendliness. Fires can be extin-
guished or reduced in size with two dominant physical
mechanisms of water mist droplets, wetting and cool-
ing fuel surfaces and oxygen displacement due to evap-
oration of water mist [6, 7]. Many researchers studied
various factors such as water droplet size and distribu-
tion, water flux density, spray flow rate, water droplet
velocity, and the operating pressure at nozzles, which
can enhance the fire-suppression efficiency of water
mist systems. The most important variable for fire ex-
tinguishment was found to be the size of water droplets
[8].

On the other hand, few studies have been conducted
on the influence of water spray on toxic gas generation
from burning materials. The effects of toxic gases pro-
duced during water mist discharging mainly concern
behavioral incapacitation, injury, and death during fires
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Table 1. Similarity rules for the interaction between water mist and fire.

Scaling parameters

Froude similarity laws

Temperature, T [K]

Gas concentration, C [mol/m3]

Heat release rate, Q [kW]

Water flow rate, V [L/min]

Water flux density, / [L/m2-min]

Water droplet diameter, d [pum]
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0
o= (@)
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[9-11].

Previously, Hietaniemi et al. conducted a series of ex-
periments to determine the burning characteristics and
the yield of produced toxic gases with and without the
suppression of water spray on polypropylene (PP) and
nylon-6,6 combustion in a control-ventilated cone calo-
rimeter [12]. The results indicated that the yields of CO
and HCN produced from the combustion of polymers
with water spray discharge were twice as large as those
without it, demonstrating that the suppression by wa-
ter spray could cause several kinds of fire toxic-gas pro-
duction.

Shelley et al. analyzed the tenability of television fires
in a sprinkler-protected compartment [13]. The real-
scale experiment was conducted with test samples: tel-
evisions composed of polystyrene (PS) with flame re-
tardant. Analysis of produced gases, such as CO and COz,
was carried out along with the compartment tempera-
ture and the fuel’s mass loss rate. The results showed
that if the occupants had relied on sprinkler activation
to notify them of a fire, their available safe escape time
would have been limited. Water-based fire suppres-
sions most likely led to decreased tenability by disturb-
ing the hot, toxic smoke layer, allowing it to reach a
lower part of the compartment. These previous studies
demonstrate that understanding toxic-gas production
with water mist is still not comprehended.

Heskestad [14] derived scaling laws of the interac-
tion between water droplets and flames. Later, Jaya-
weera and Yu [15] and Yu [16] derived modified scaling
laws for low drop Reynolds number conditions. Both
studies extended the standard Froude-number scaling
laws to consider the dynamic interaction of water drops

with convective flows and drop evaporation. The quasi-
steady drop vaporization with the d2 law is assumed in
deriving the scaling laws.

This study reports the results of scale-model experi-
ments of toxic-gas production from the burning poly-
mers when applied with water mist. In designing the
experiments, a prototype fire is specified: an uphol-
stered, small piece of furniture catches fire inside a
compartment, and a water mist is applied at the initial
stage of the fire. Because the drop Reynolds number of
water mist (mean diameter less than 1 mm) is small,
the scaling laws proposed by Jayaweera and Yu [15] and
Yu [16] are adopted in this study.

The objective of the present study is to understand
the influences of water mist and polymer properties on
burning and extinguishing behaviors with an emphasis
on the production of toxic gases in the enclosure.

Experimental setup

Scaling considerations

Since our prototype scenario reflects early fire detec-
tion and subsequent water-mist application, the heat
release rate at the moment of water-mist activation is
set to 100 kW or less. Note that the maximum heat re-
lease rate can achieve roughly 300-1000 kW [17] when
a small, upholstered chair is burned without any extin-
guishing efforts.

The NFPA 750 standard [18] defines the mean drop-
let diameter of water mist as 100-1000 pum, and
smaller droplets are considered more effective for fire
extinguishment. The size of prototype water droplets is
thus chosen to be less than 500 um. The prototype

-2
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Table 2. The setup conditions of prototype and scale models.

Scaling parameters Prototype

Scale models in this study

Compartment height [m] 2.7
Heat release rate [kW] <100
Water droplet diameter [um] <500
Water flux density [L/m?min] 2.8

0.9

<10
106, 263
1.6
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@ K-type thermocouple
< FTIR probe
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% 50 Nozzle
100

100
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Fig. 1. Schematic diagram of the combustion chamber connected to the test apparatus (unit: mm).

water flux density is set to be 2.8 L/m2-min based on
the value of a standard sprinkler [19].

A 1/3 scale-model experiment can be designed by
considering the scaling laws shown in Table 1, where L
is the characteristic length scale defined as the spraying
height between the nozzle and solid fuel top surface.
Table 2 summarizes the experimental parameters of
the prototype and the scale models used in this study.

Experimental apparatus

The scale-model experiments were conducted in the
Fire Research and Test Laboratory, Center for Fire Sci-
ence and Technology at Tokyo University of Science. Fig.
1 shows the schematic of a 0.70 m x 0.70 m x 0.92 m
(height) stainless-steel chamber with four openings on
the sides, two near the top for smoke ventilation and
two near the bottom for air supply. The combustion
chamber was connected to measuring devices and wa-
ter-spraying equipment. The water mist nozzle was in-
stalled at the upper part of the chamber and connected
to a high-pressure water pump (Koshin, MS-252CL)
through a water pressure regulator, piping, and fittings.
The vertical distribution of temperatures was meas-
ured by K-type thermocouples with a thin wire (0.32
mm in diameter) installed in the chamber. The thermo-
couples’ response time in the gas phase is approxi-
mately 5 s in quiescent air (regardless of convective and
radiative heat transfer), which is short enough for our

purposes.

The concentrations of CO (in the range of 0-5000
ppm) and CO; (0-5%) were measured by a nondisper-
sive infrared (NDIR) gas analyzer (Fuji Electric Co., Ltd),
and the concentration of 0, (0-25%) was measured by
a magnetic oxygen analyzer, installed in the NDIR sys-
tem, with a sampling rate of 1.0 L/min. The concentra-
tions of other low-molecular-weight gases such as NO,
NO,, HF, HC], acrolein, and formaldehyde were meas-
ured by a Fourier transform infrared (FTIR) gas ana-
lyzer (Gasmet, DX4000N) with a sampling rate of 4.0
L/min. The concentrations of produced gases were
measured near the ceiling because they are expected to
be higher than those near the floor and are important
safety indices. The temperature and gas concentrations
were recorded by a 20-channel data logger (GRAPHTEC:
GL820, sampling period: >10 ms, and time/div: 1 s).

The test samples in these experiments were timber,
polypropylene (PP), polyethylene (PE), polymethyl-
methacrylate (PMMA), polyurethane foam (PU), and
polystyrene foam (PS). The size of the test samples was
determined to achieve the heat release rate shown in
Table 2. The details of test sample configurations and
characteristics are shown in Fig. 2 and Table 3, respec-
tively.

The visual observations of the ignition, fire extin-
guishing process, and smoke movement were made
with video cameras from the combustion chamber’s
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Table 3. The characteristics of the test sample.

Number of sampes

Total number of

Test sample Size [m3] from the top samples Shape
Timbers 0.02x0.02x0.12 3/3/4 10 Crib
PP 0.02x0.02x0.08 3 3 Pieces
PE 0.02x0.02x0.12 3/3/4 10 Crib
PMMA 0.02x0.02x0.12 3/3/4 10 Crib
PU 0.03x0.12x0.12 1/1 2 Bulk
PS 0.02x0.12x0.12 1/1/1 3 Bulk

Table 4. The characteristics of water mist nozzles.

Parameters Nozzzle 7KB Nozzle J20
Operating pressure [MPa] 1.0 1.0

Spray flow rate [g/s] 0.388 0.396
Water flux density [L/m?2-min] 1.625 1.619
Average mean diameter, D10 [um] 82.8 160.4
Sauter mean diameter; D32 [um]  106.2 262.7

(a) Crib

(b) Pieces

Fig. 2. Test sample configurations.

front, side, and back. The mass-loss rate was measured
using a set of electric weight scales under the test sam-
ple. The heat release rate (Q) of the sample before dis-
charging water was calculated from the following equa-
tions, where m is massloss rate [kg/s],and AH isthe
heat of combustion [M]/kg].

0 =mxAH 1)

Before acquiring the data, the gas analyzers were cal-
ibrated to maintain the stability of the atmosphere in-
side the chamber. Each test sample was placed at the
center of the combustion chamber below the position
of the nozzle. Experiments were conducted more than
twice in each condition, and the reproductivity of the
results could approximately be confirmed. The sample
was ignited using a flammable gel whose primary com-
position was methanol.

Water was sprayed from the water mist nozzle at a
specific time, depending upon the type of the test sam-
ple. For timber, PP, PE, and PMMA samples, water was
sprayed when the flame achieved a nearly steady state,
and the boundary of the smoke and air layers reached
approximately 350 and 450 mm from the ceiling. On the
other hand, PU and PS foam samples did not produce as
thick a smoke layer as the other samples. Therefore, the

water mist was discharged as soon as half of the sam-
ple’s height was burned, at which steady burning was
achieved based on the visual observation. Water mist
was applied until the fire extinction was achieved. Then,
the water pump was deactivated to stop water spraying
on the test sample. If the combustion of the test sample
was not extinguished within 15 minutes, additional wa-
ter for fire suppression was applied from the opening
to the test sample until the combustion was completely
extinguished. The gas analyzers were halted when the
concentrations of detected gases declined to normal
levels in the atmosphere. In particular, the concentra-
tions of 02 and CO declined to approximately 21% and
0.08 ppm, respectively.

Water mist characteristics

Two sets of full-cone water spray nozzles, called
“7KB” and “J20,” were selected from the Ikeuchi com-
pany. The water droplet characteristics of each nozzle,
measured during preliminary experiments, are shown
in Table 4. The preliminary experiments were con-
ducted to measure the water flux density of each nozzle
without combustion. During the initial tests, the hori-
zontally projected area discharged by water droplets
was fixed to 0.01431 m2 on the test sample’s top surface
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t= 102s
Water activated
(a) Nozzle 7KB

t= 93s

Water activated
(b) Nozzle J20

Fig. 3. Timber combustion with water mist by the nozzles (a) 7KB and (b) J20.

Water activated
(a) Nozzle 7KB

t= 300s

t= 301s

Water activated
(b) Nozzle J20

Fig. 4. PP combustion with water mist by the nozzles (a) 7KB and (b) ]J20.

level. The spraying heights from the nozzle to the solid
fuel top surface were regulated at 0.20 m in nozzle 7KB
and 0.25 m in nozzle J20 so that the water flux densities
are nearly equal to the value shown in Table 2. The Sau-
ter mean droplet diameters of water spraying on the
same horizontally projected area with the nozzles 7KB
and J20 were 106.2 and 262.7 pm, respectively.

Results and discussion

Observations

During combustion
Timbers burning in the combustion chamber are

shown in Fig. 3. It can be observed that after discharg-
ing the water mist from nozzles 7KB (Fig. 3(a)), the
flame gradually decreased its size and was eventually
extinguished. For nozzle J20 (Fig. 3(b)), on the other
hand, it took a shorter time to extinguish the fire. PMMA
samples showed similar burning and extinguishing
characteristics to timbers. PS samples did not have self-
sustaining properties in combustion, and only some
parts of the samples that were close to the flames from
the methanol gel spots burned while melting. The dif-
ferent extinguishing characteristics (time to extinguish)
between the two nozzles were similar to those of tim-
ber and PMMA.

-5 _
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Fig. 5. Temperatures in the case of PP with the injection of water mist.

t= 101s

t= 102s

Water activated
(a) Nozzle 7KB

While PE and PP followed similar processes to Fig. 3
when extinguished with nozzle 7KB, they showed dif-
ferent behaviors when extinguished with nozzle J20.
The flaring-up of the flame was observed after the acti-
vation of the water mist, as shown in Fig. 4(b) at t =
300 s and 301 s. Immediately after the water-mist acti-
vation, the flame height momentarily increased (Fig.
4(b) at t = 300 s). Then, an explosive expansion of the
flame followed; increase in volumetric expansion with
the flame, and then the flame instantaneously disap-
peared (Fig. 4(b) at t = 301 s). The observations are
consistent with local temperatures measured near the
chamber corner by five thermocouples shown in Fig. 5.
When the water mist was discharged from nozzle J20,
the local temperatures suddenly increased from 25 °C
to 140 °C (Fig. 5(b)) because the flame expanded its vol-
ume and approached the thermocouples. Large drop-
lets from nozzle J20 reached the hot liquified fuel sur-
face and splashed the molten polymer, accelerating the
gasification of the splashed fuel, and consequently, the
flame height increased. The water droplets then quickly
evaporated and caused a sudden volumetric expansion

t= 95s
Water activated
(b) Nozzle J20

Fig. 6. PU combustion with water mist by the nozzles (a) 7KB and (b) J20.

t= 96s

of the flame, increasing the flame volume.

The PU sample also showed a flame-expansion phe-
nomenon. Although the flame height decreased imme-
diately after the water mist was activated, an explosive
expansion occurred within a few seconds, as shown in
Fig.6(b)at t = 95sand 96 s. Unlike PP and PE, splash-
ing by water mist and rapid increase of the flame height
were not observed. The burning surface of the PU sam-
ple was highly viscous brownish substances, which did
not splash upon water-droplet hitting on the surface.
Nevertheless, water droplets rapidly evaporated and
caused flame expansion. On the contrary, water drop-
lets from the nozzle 7KB were so small that they evap-
orated before and during penetrating the flame, not
contributing to flame expansion.

A similar flame-expansion phenomenon was ob-
served during water-mist suppression of a cooking oil
fire reported by Qin et al. [20], who also reported a sim-
ilar trend of temperature evolution. The present results
show that, similar to liquid fuels, suppressing a thermo-
plastic-polymer fire with water mist may cause an in-
crease in visible flame size.

-6 -
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(d) PMMA

Fig. 7. Test samples after the combustion.

Table 5. Fire performance of polymers burning.

Weight of test sample [g]

Fire extinguishing time [s]

Test sample Before After HRR [kW] Nozzle 7KB Nozzle ]20
Timber 190.7 177.3 6.0-8.0 191 18

PP 107.7 106.6 ~5.0 5 2

PE 489.1 474.2 2.0-4.0 Not extinguished 3

PMMA 589.5 547.8 8.0 16 2

PU 51.1 38.5 6.0-8.0 10 1

PS 44.5 44.5 2.0 70 5

Samples after the combustion

The photographs of each test sample after the com-
bustion are shown in Fig. 7. The surface layers of black
and brown char were observed in timber and PU in Figs.
7(a) and 7(f), respectively. PS foam was also black char-
forming at the melted surface without self-sustaining
combustion as seen in Fig. 7(e).

PP, PE, and PMMA (Figs. 7(b), (c), and (d), respec-
tively) are thermoplastics. Upon heating, PMMA softens
owing to its decomposition into monomers, while PP
and PE melt to form liquid layers on their surfaces. Plas-
tic chains behave like a liquid state and finally burn
without a charring state, making the burning character-
istics different from the other thermosetting test sam-
ples (foam-typed PU and PS). PMMA sample was the
only thermoplastic test sample that produced a black
carbonaceous material on its surface, as shown in Fig.
7(d).

Extinction limit

Table 5 presents the results of the time to extinction
by nozzles 7KB and J20. The combustion of the poly-
mers took 10 to 191 s to be completely extinguished
with water mist discharged by nozzle 7KB. PE was an
exception that could not be extinguished with the
small-sized water droplets, although the flame was con-
trolled to a smaller size. On the other hand, with nozzle
]20, all test samples could be successfully extinguished

in a shorter time compared to nozzle 7KB. For instance,
PP and PE took only 2-3 s to extinguish completely with
nozzle 20, confirming the significant influence of drop-
let size. Small droplets quickly evaporate and do not
reach the fuel surface for direct cooling. While direct
cooling of the combustible material is the primary ex-
tinguishing mechanism for larger droplets (J20), the in-
creased water vapor concentration from quick vapori-
zation promotes the smothering effect for smaller
droplets (7KB).

Focusing on the suppression by nozzle 7KB, timber
combustion took 191 s to be extinguished, which was
longer than the other test samples due to its char-form-
ing nature, which can be confirmed in Fig. 7(a). Direct
heat transfer from the flame was inhibited to the timber
due to the insulating char layer [21], limiting the cool-
ing of the timber; water mist droplets were blocked
from reaching the pyrolysis region beneath the char
layer. The same mechanism applies to the combustion
of PU, contributing to the 10-s extinction time. Because
of the aromatic groups in the main chain (diisocyanate
group), PU generated the brownish sticky substance on
the sample’s surface (Fig. 7(f)), which can slow the heat
transfer between the gaseous and condensed phases.

In the case of PMMA, the combustion was extin-
guished with water spray in 16 s. Dissimilar to char-
forming timber, the substance formed on the surface of
PMMA is not a carbonization layer. It could not hinder
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Fig. 8. The concentrations of CO and COz.

the heat transfer in the condensed phase. Other ther-
moplastics, PE and PP, tended to be flammable when
heated beyond their melting points, so it is hard to ex-
tinguish those samples in a short time. The water flux
density, which is affected by the droplet diameter of the
water mist, served as the main parameter to describe
the extinction limit of both thermoplastics due to the
re-ignition of the melt pool. The combustion of PE can-
not be extinguished with the application of small-size
water droplets owing to the lack of water flux density
at the surface, so additional water suppression from the
opening was necessary for the extinguishment.

Toxic gas production
CO and CO2 concentrations

Figs. 8(a) and 8(b) show the evolutions of CO and CO2
concentrations from timber combustion, measured by
a gas analyzer inside the top opening of the chamber.
After ignition, a smoke layer formed beneath the ceiling,
and the CO concentration increased and peaked at ap-
proximately 600 ppm within 1 min, indicating that tim-
ber combustion immediately after ignition is incom-
plete and produces toxic gases at high levels. In our ex-
periments, methanol gels were used for ignition. Imme-
diately after ignition, bluish flame characteristics of
methanol combustion were observed for about 50 s, af-
ter which intense, luminous flames were formed. The
formation of CO at the initial stage may be influenced
by methanol combustion. Since water mist is activated
after the onset of intense sample burning, methanol is
expected to have minor influences on the trends of toxic
gas concentrations reported below.

At approximately 100 s after ignition, water mist was
discharged from the nozzle near the ceiling, penetrat-
ing the smoke layer accumulated beneath the ceiling.
Elevated CO concentrations were detected after apply-
ing water spray.

The CO production caused by the water mist can be
connected to the following reaction between water va-
por and solid carbon such as char and soot [22]:

C(s) + H20(g) - CO + Hz 2)

In addition, the following reaction between hydrocar-
bon and water enhances CO production [23], where
m+m' =n.

CnHzns2 + m'H20 - CnHom+2 + m'CO + 2m'Hz

(3)

In the timber suppression, the reduction rates of CO
and CO: to negligible levels differed between the two
nozzles. It took about 320 s for the CO concentration to
decrease to nearly zero after water was discharged by
nozzle J20. In the case of nozzle 7KB, on the other hand,
the concentrations of CO took about 700 s to reduce to
negligible levels because the fire was not readily extin-
guished. Although the flame appears to be put out
about 200 s after water discharge, smoldering combus-
tion continued, producing CO. PS and PMMA show sim-
ilar CO and CO: evolution to timber combustion. PMMA
is not char-forming material but produces a carbona-
ceous substance on its surface (Fig. 7(d)), which may
contribute to producing CO by a similar reaction to (2).

In the case of PP combustion, a substantial difference
between the two nozzles was observed at the time of
water-mist application. With nozzle J20 (Fig. 8(d)), the
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concentration of CO increased to 411 ppm immediately
after water-mist injection because of the flame expan-
sion mechanism discussed earlier. The same trend of
flame expansion was observed for PE and PU. With noz-
zle 7KB (Fig. 8(c)), on the other hand, the concentration
of CO was detected slightly increased while COz de-
clined after water-mist application. Similar to timber
combustion, reactions (2) and (3) occur to produce CO,
but reaction (2) is limited in the maximum concentra-
tion as PP cannot generate char. In the case of PE, the
slight but continuous production of CO and CO: oc-
curred until an additional water supply completely put
out the fire.

HCN concentration

The HCN concentration abruptly peaked at 18.5 ppm
after the water mist was discharged on PE, as shown in
Fig. 9(b). On the other hand, the experiment with the
smaller-size water droplets by nozzle 7KB did not

significantly display the production of HCN (Fig. 9(a)).

The sharp HCN peak observed with nozzle J20 ap-
pears similar to the sharp temperature increase in Fig.
5(b). Therefore, the flame-expansion phenomenon may
be responsible for detecting HCN in the case of PE. As
PE does not contain the N element, the HCN production
should be associated with reactions involving atmos-
pheric nitrogen. According to previous research [24],
HCN is formed by the reaction (4) with thermal NOx.
The flame-expansion phenomenon that occurs only
with nozzle J20 enhances the production of thermal
NOx, leading to the production of HCN.

CiH; + NO - HCN - NH - N - N2 (4)

With PU, which contains the N element, the HCN con-
centration increased at the beginning before the water
mist was discharged (both nozzles), as shown in Figs.
9(c) and 9(d). After the water-mist injection, the maxi-
mum HCN concentration increased to 26.5 ppm when
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Table 6. Overall factors affecting combustion behavior and toxic-gas production.

Polymers Timber

PP PE

PMMA PS PU

Chemical and physical properties
Natural polymers v
Thermoplastics
Thermosets
Char and/or surface products v
Nitrogen-containing

Burning characteristics
Flame expansion

Toxic-gas production
CO and CO2
Delayed CO reduction after small
water-droplet application
HCN
Formaldehyde and acrolein v
Sudden increase after large
water-droplet application

nozzle J20 was used. The flame-expansion phenome-
non caused the increased HCN level.

Formaldehyde and acrolein concentrations
Fig. 10 shows that in addition to CO and COz, formal-

dehyde (CH20) and acrolein (CsH40) (organic irritant
gases) were also formed from the combustion of timber.
The evolution of formaldehyde is similar to that of CO,
affected by incomplete combustion. On the other hand,
the concentration of acrolein was minor in the initial
stage of the combustion. The production of formalde-
hyde and acrolein rose as the water was supplied and
gradually decreased to negligible levels.

Table 6 summarizes the factors that affect toxic-gas
production. The influences of the type of polymer on
toxic gas evolution are explicated. Because of reaction
(2), char-forming materials produce a high CO level
during water-mist suppression. The char layer also acts
as insulation, reducing the cooling effect of water mist;
therefore, the CO concentration tends to maintain a
high level after small water-droplet application. Mate-
rials that do not contain the N element may produce
HCN via the flame-expansion phenomenon through the
production of thermal NOx. The flame-expansion phe-
nomenon also causes a sudden increase in toxic gas
production after water is discharged. Table 6 summa-
rizes the factors that affect toxic-gas production. The in-
fluences of the type of polymer on toxic gas evolution
are explicated. Because of reaction (2), char-forming
materials produce a high CO level during water-mist
suppression. The char layer also acts as insulation, re-
ducing the cooling effect of water mist; therefore, the
CO concentration tends to maintain a high level after
small water-droplet application. Materials that do not
contain the N element may produce HCN via the flame-
expansion phenomenon through the production of

thermal NOx. The flame-expansion phenomenon also
causes a sudden increase in toxic gas production after
water is discharged.

Conclusions

Scaled-model experiments were conducted to under-
stand the influence of water-mist application on its fire-
extinguishing performance and the production of toxic
gases for various polymers. The experimental condi-
tions were determined based on a previously-proposed
Froude-number scaling law extended by considering
low drop Reynolds numbers. Burning and extinguish-
ing processes of natural, thermoplastic, and thermoset-
ting polymers are discussed. The following are the ma-
jor conclusions of this study:

(1) The primary mechanism of fire extinction was the
cooling effect. On the other hand, the secondary
mechanism, the oxygen dilution effect, occurs
when the droplets are small enough to evaporate
quickly, promoting the smothering effect.

(2) The size of the water droplet influenced the pro-
duction of toxic gases. In general, larger droplets
can extinguish a fire in a shorter time; hence, toxic
gas concentrations decrease more rapidly. How-
ever, the large droplets tend to cause the flame ex-
pansion phenomenon for thermoplastics by
splashing molten polymer. This flame expansion
phenomenon leads to a rapid increase in toxic-gas
production rate. The flame expansion phenomenon
also causes the formation of HCN via the reaction
of thermal NOx.

(3) The formation of a char layer tends to slow down
the fire-extinguishing process, which causes con-
tinuous CO production after water is discharged.

- 10 -
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(4) The formation of formaldehyde and acrolein was
observed in timber combustion. The evolution of
their concentrations was similar to CO.

The present scale-model experiments are to repro-
duce the specific prototype fires. Parameters such as
the compartment size or water flux density will influ-
ence the results. Parametric studies are necessary for
further understanding the influences of water-mist ap-
plication on compartment fire developments.
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