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ABSTRACT 

This study was carried out to obtain data on the performance characteristics of two powders 
(sodium bicarbonate [SB] and monoammonium phosphate [MAP]) and water as explosion 
suppression agents, and to understand the effects of geometric variables on suppression system 
performance. Tests were carried out in a 2.5-m3 test vessel with 10% (by volume) methanebair 
mixtures, both under initially quiescent and turbulent conditions. Tests with the two powder 
agents (SB and MAP) at a concentration of 1200 g/m3 resulted in similarly successful 
suppression of quiescent mixtures, with small increases in final overpressures as the 
detectionlsystem trigger pressure was increased (from 0.07 to 0.55 barg [I to 8 psig]). Successf~~l 
suppressions were also obtained with turbulent mixtures, although with greater overpressures 
than for quiescent mixtures. Water at ambient temperature (approximately 20°C) was not 
successful at suppressing the explosion, even when carbon dioxide was added to the charge. In 
tests where the suppression failed, the pressure inside the vessel reached the value corresponding 
to fully unvented conditions. Heated water (at or above 230°C [446'F]) performed reasonably 
well as a suppression agent, both in quiescent and turbulent tests, for trigger pressures up to 0.55 
barg (8 psig). The introduction of the superheated water into the vessel, however, contributed 
about 0.83 barg ( I 2  psig) to the total pressure increase. 

KEYWORDS: Explosion suppression, Sodium bicarbonate, Monoammonium phosphate, 
Heated water, Methane/Airr explosions. 

I INTRODUCTION 

The existence of hazardous materials in industrial applications that could potentially be involved 
in a catastrophic explosion has generally led to designs of new equipment and buildings that 
incorporate damage limiting construction (explosion venting relief systems). Other possible 
protective measures include the location of hazardous material-handling equipment or areas to 
remote locations, or the utilization of ventilation systems with safety shutdown interlocks. There 
are some situations, however. where none of these measures can afford suitable protection from a 
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catastrophic failure. or when older equipment or buildirig cannot be economically retrofitted 
with explosiorl venting relief devices. In these cases, there 1s a I-ole for a protective syteni  that 
can detect an explosion in its early phases anti suppress tt clulckly and s a f l y  before it can 
produce dangerous overpressures. Explosion suppression y \ tems  are intended to fulfill this need 
by detecting an incipient explosion and quickly delivering sufficient amount\ of extinguishing 
agent to quench the combustion before damaging overpressures c;~n develop. The mo\t 
important installation requirements of a successful \uppression \ystern are early detection. rapid 
deployment of the agent, sufficient throw distance. and sufficient agent mass. 

I1 BACKGROUND 

2.1 Published Work 

The characterization of the behavior of explosion suppression systems presents hignificnnt 
technical challenges. This is due not only to the limited understanding of the interaction betuecn 
the extinguishing agent and the flame front, but illso to the fact that the modeling of the 
unsuppressed explosion is still somewhat approximate. This situation is reflected in the I-cults 
of research published on this subject, which show a focus on meaaurementa of the perfol-tnance 
of specific systems engineered for selected protection conditions. Not surprisingly, much of the 
test work has been done directly by or under the sponsorship of manufacturers of explosion 
suppression systems'-'. Highlights of results can usually be found in reference books on 
explosions4. 

Methods have been developed by each manufacturer to guide the selection of the type and 
location of equipment necessary to protect a specific installation. Some take the approach that 
the system requirements should be set by the need to flood the protected volume with a sufficient 
mass of agent so as to extinguish the explosion flame front and provide sustained inerting after 
extinguishment is achieved. Others, by considering the dynamic aspects of the suppression 
process, have developed design rules that relate the amount of agent to the flame surface area. 
This results in scaling of the suppressant by the 213 power of the protected volume, rather than by 
straight proportionaiity, as implied by the first design approach. Much of this technology has not 
been subjected to detailed peer review and is typically presented in the form of calculated 
predictions for cases of interest7. At this time, use of a suppression system for applications 
beyond those for which experimental data have been obtained requires validation by testing. 

2.2 Current Explosion Suppression Systems 

Several systems are com~ner~ial ly available for use in the suppression of explojions in equipment 
and buildings. These systems utilize powder agents, typically sodium bicarbonate (SB) or 
monoammonium phosphate (MAP) and, in some cases, water. Halogenated hydrocarbon 
compounds, particularly Halon 1301 (bromotrifluoromethane), are being phased out due to their 
contribution to ozone depletion in the stratosphere. An additional reason for the replacement of 
Halon agents is their capacity to produce toxicological responses in humans. and their potential 
for actually enhancing the explosion if the flame front is not extinguished in the first stages of its 
development. This effect was observed in a test program undertaken by Factory Mutual 
Research Corporation (FMRC) in 19915, in which a Halon 1301 system was used to auppress 
explosions of homogeneous stoichiometric propanelair and isobutanelair mixtures in a 63.7-m' 
(2250-ft') chamber. 



Suitable Halon repl;~ccmcnt\ ;Ire be~rig \ought. ni th  considerable cll'ort cul-1-cntly h c ~ n p  c ~ p e ~ i ~ l e d  
in the developriient of new chemical agents. mo\tly Iiydl-ogennteil ch lo l -o- I~LI~I-oc ,~rh t rns  ( H C F T ) .  
Unfortunately, the effectiveness of HCFC\ I \  lower than that 01' the Halon\. pcnerall) I IOI  

allowing for their u\e as drop-in replacements. Powtlcr\. such ; ~ s  SB (11- MAP. arc cl'kctive at 
suppressing explosions for o wide range of conditions. 13owever. the clean up a\\ociatc(l w i ~ h  
their discharge can limit their use. 

Water is a potentially attrilctive agent. since ~t provides a ~nucli cleilnc~. ~netliod o l  \~~pprc\ \ iot i .  
The difficulty in this case is that the details of the intel-nctioii hetween the water droplet\ and the 
flame front introduce added complexity in the deployment of the apent lo ;~chievc the de\ired 
effectiveness. In practice. wiiter has been found to he ~~nsucce\\l 'ul in the rel~;lhlc suppreulon of 
gas explosions and its use has been limited to the protection of \y\tetns w ~ t h  tlustiair mixtures. 

2.3 Program Objectives 

In view of the background provided in the previous section. the focus of the present research was 
placed on the study of the effectiveness of suppression systems in high-challenge explo\ions. 
This implied the use of a gaseous fuel (methane) and the introduction of turbulence as a 
parameter. The effect of selected variables, such a\  the location of the ignition source and the 
actuation pressure of the system. on the effectiveness of the agent was also of interest. Finally. 
one last objective involved the determination of the conditions under which water could provide 
acceptable performance. 

111 DETERMINATION OF AGENT INERTING REQUIREMENTS 

Tests were performed in the FMRC 20-liter sphere to determine the minimum concentration of 
the two powder agents required to inert 10% methanelair mixture.  These inerting tests were run 
using the methodology and criteria thr determining the golno-go condition of ignition outlined in 
the ASTM El515  standardh. They involved the use of a 30 m\  delay, and a single 5000-Joule 
chemical ignitor. The tests showed that the minimum concentration of SB (Ansul Plub 5 0 ~ '  
used) required to inert the turbulent 10% methanelair mixture was 975 glm', while that for MAP 
(Ansul Foraym used) was determined to be 575 glm'. 

IV FACILITIES USED FOR EXPLOSION SUPPRESSION TESTS 

4.1 The 2.5-m3 Test Vessel 

All the explosion suppression tests for this study were performed in the FMRC 2.5-m' vessel. 
This facility, shown in Fig. I, was originally built for high-pressure modeling of polymer 
combustion, can be operated up to pressures of 41 barg (600 psig) and temperatures of 343°C 
(650°F), and was modified to allow for the performance of closed-vessel explosion tests. It 
consists of a cylindrical enclosure, with an internal diameter of 1.22 m (48 in.), and an internal 
length of 2.57 m (101 in.). Penetrations are ;ivailable to introduce gases into the test volume and 

' Tradename, Ansul Fire Protection. Rekrencc ro spcclfic product5 I \  not and should not he consrrucd as 
opinion, evaluation, or judgment hy Factory Mutual Rcscarch Corporauon. Factory Mutuill Rcscarch 
Corporation (a)  makes no warranty. express or ilnplicd. with I-cspcct to any rckrcnccd product\. or wlth rcspcct 
to theil- use, and (h) assumes no liahilirics w~th ~respcct 1 0  any rclcrcnced product\, or with rcrpect to 1hc11- use. 



to connect ignition devices and instrumentation. Four 1 5 0 - ~ n ~ n  (6-in.) diameter. 0. I I ~n ' lsec (235 
ft7/min) shaded-pole motor fans, symmetrically located inside the ves\el, provide for zas mix~ng 
and turbulence. The vessel has a 102-~nm (4-in.) flanged pipe entry at the center of the closed- 
end hemispherical vessel head, which was used for the suppression system assembly. The full- 
diameter hinged door facilitated the performance of pre-test vessel inspections and post-test 
vessel clean-outs. 

4.2 High-Rate of Discharge 
(HRD) Vessel and Delivery 
System 
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coated with a layer of Teflon8 System and Ignition Locations. 
paint. 

4.3 Burst-Disc Designs 

4.3.1 Fenwal detonated burst discs. The primary release mechanism used for the suppression 
agent was a detonated burst disc, obtained from Fenwal Safety Systems. It consists of a pre- 
bulged and scored, non-fragmenting metal disc, mounted in a base unit from a Fenwal liquid- 
agent HRD, modified by FMRC and fitted with a mating flange for mounting to the HRD 
described above (see Fig. 2). The burst disc is designed to release at a pressure between 59 and 
69 barg (850 and I000 psig), and is deployed by an explosive actuator. The explosive actuator is 
triggered by an electrical discharge, which is released by a control system. receiving input from a 
variable-setting pressure switch. 

4.3.2 Fike pre-bulged rupture*. A second release mechanism was used for a number of 
tests with heated water. It consists of a 76-mm (3-in.) size pre-bulged Poly-SD Rupture Disc 
from Fike Metal Products, rated at 49 barg (709 psig) at 200°C (392"F), and at 52.6 barg (762 
psig) at 22°C (72°F). This non-fragmenting disc is mounted in a Fike 76-mm (3-in.) rupture disc 
holder. This release system requires a means of developing a pressurized charge within the 
HRD, since no explosive actuator is provided with it. Accordingly, a gas mixture, formed in the 
ullage space of the HRD and ignited by a spark discharge, was used as a driver of the suppressant 

' Tradename, DuPont, De Nemours. 
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FIGURE 2 -Suppression Agent Rupture Disc Assemblies. 

charge. The spark discharge was triggered by the same pressure \witch, used in the explosively 
actuated system described above. 

4.3.3 Agent delivery nozzles. Two hemispherical nozzles were designed for delivery of the 
suppression agent. One had large holes (ranging from 9.5-rnm [3/8-in] to 17.5-1n1n [I 1116-in.] in 
size), while the second nozzle had small hole3 (3.2 rnm [I18 in.] In diameter). The large-hole 
nozzle provided a tqtal of 23.7 cm' (3.67 1n.l) of open area. whilc the open area of the mall-hole 
nozzle was 22.3 cm- (3.46-in:). 

4.4 Instrumentation and Measurements 

Pressures within the HRD vessel and the test vessel were measured using amplified strain-gage 
transducers, while temperatures within each vessel were measured using ANSI Type K 
thermocouples. A UNIX-based Hewlett-Packard system handled the data acquisition. Readings 
were acquired at a rate of 2000 scans per second, with post-teht conversion of the tiles using an 
average of every 10 scans, resulting in an effective rate of 200 scans per ~econd.  Events such as 
time of ignition and time of suppression system activation were also recorded. The data were 
further analyzed to extract the maximum pressure. the normalized peak rate of pressure rise, KG, 
and the burning velocity, uto. This latter quantity was calculated from the early portion of the 
pressure curve (pressure rise, Ap, from 1.9 to 550 rnbar [0.027 to 8 psig]). using the following 
formula derived from an adiabatic model of vented explosions7: 

where V is the vessel volume. p,,, is the rnaxiinuln unvented presurc, p(, is initial pressure and y 
is the specific heat ratio. The quantity KG was derived from its usual definition. which reads: 



V TEST RESULTS AND ANALYSIS 

5.1 Effects of Ignition Location and Turbulence 

Experiments were carried out without suppression to characterize the progress of the explosion in 
the FMRC 2.5-m3 vessel. In the first test of this series (Test No. 1 in Table I ) .  an initially 
quiescent mixture of 10% methane in air was ignited in the center of the vessel. It produced a 
maximum pressure rise of 6.7 barg (97.6 psig), a normalized rate of presure rise, KG, of 45 
b a r ~ n / s  and a burning velocity, u,~,, of 0.55 m/s (1.8 ftls). Subsequent runs, in which the ignition 
location was moved to the east end of the vessel (in front of the hinged door). produced 
somewhat lower peak pressures (about 6.3 barg [Y 1.5 psig]). but very similar levels for KG (48 
barm/s) and for the burning velocity (0.56-0.58 m/s [1.8-1.9 ftls]). The lowest values for KG 
(-25 bar,m/s) and u , ~  (-0.43 m/s [ I .4  ft/s]) were obtained frorn the tests with the ignition located 
at the west end of the vessel. The main reason for this result is attributable to the proximity of 
the ignition source to the wall of the vessel. The laminar burning velocities measured in these 
tests should be compared to typical literature values from small-scale vessel data of 0.4-0.45 mls. 

TABLE 1 - Unsuppressed Tests 

As expected, the tests wilh turbulent conditions (all four mixing fans left running) resulted in 
substantially increased values of the quantities discussed ahove. The highest values of maximum 
pressure rise (7.3 barg [106.5 psig]) and KG (160-165 bar.m/s) were obtained with the ignition 
source centrally located (Test Nos. 32 and 33). For these conditions the burning velocity was 
about 1.2 m/s (4 ftls). Higher burning velocities (1.4-1.7 inis [4.6-5.6 ftls]), however, were 
obtained with ignition at the east end of the vessel. This is probably due to locally higher 
turbulence influencing the initial stage of flame propagation, as the axes of the mixing fans are 
closer to this ignition location than to the center of the vessel. In the turbulent tests, off-center 
ignition produced significantly lower values for the normalized peak rate of pressure rise. Kc;. 

5.2 Powder Suppression Agent Results 

5.2.1 Sodium bicarbonate (SB). The data from tests carried out with the SB powder agent are 
shown in the left plot of Fig. 3. The tests conducted with 3.0 kg of this agent (nominal 
concentration of 1200 g/m' in the FMRC 2.5-rn7 vessel) under quiescent conditions were all 
considered successful suppressions of the explosion. Although slight increases in suppressed 
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FIGURE 3 - Tests with Sodium Bicarbonate (SB, left) and Monoammonium Phosphate 
(MAP, right) for Varying Pressure Switch Settings. 

maximum explosion pressure. Ap,,,,,, were observed as the system activation pressure was 
increased (0.21, 0.34 and 0.55 barg [3. 5 and 8 psig]), the variation was modest. ranging from 
0.47 to 0.84 bar (6.8 to 12.2 psi). When expressed as an increase above the system activation 
level, the pressure rises were all about 0.28 barg (4 psig). Calculated values for the maximum 
suppressed rate of pressure rise (post-agent delivery) also remained fairly constant (independent 
of system deployment pressure) at about 3.5 bar!s. 

The results of the suppression tests with sodium bicarbonate run under turbulent conditions 
indicated successful suppression with the system activation pressure set at 0.07 barg (1.0 psig). 
In this case, the suppressed pressure, Ap,,,,, reached 0.50 barg 17.2 psig], and the lnaxirnuln rate 
of pressure rise was 5 barls. However, when the system activation pressure was raised to 0.21 
barg (3.0 psig), the delivery of the suppression agent appeared to have occurred too late, resulting 
in a Ap,,,, of 2.3 barg [32.8 psig], and a rate of pressure rise (dp!dt),,,,, of 3 1.0 barts. All of the 
tests conducted with the SB agent used an ignition location at the geometric center of the vessel. 

Post-suppression ignition attempts were made after each test. These experiments showed that 
successf~~lly suppressed explosions left behind a sufficient amount of unburnt fuel so that the 
mixture could be re-ignited. In some cases. direct measurements were made of the post- 
suppression methane concentration. These data are generally consistent with the outcome of the 
ignition attempt on the mixture. One exception is a test, which was considered a successful 
suppression and had 7.3% methane left. Failure of this mixture to re-ignite was probably due to 
residual inerting by the agent. 

5.2.2 Monoammonium uhosphate (MAP). The six quiescent suppression tests run with the 
MAP agent with a loading of 3.0 kg of material (nominal concentration of 1200 g/~n')  were all 
considered successful suppressions (see Fig. 3). As in the case of SB, the values of Ap,,,:,, and 
(dpldt),,,, increased as the system activation pressure set-point was increased (Ap,,,,, = 0.4 to 0.9 



barg [5.2 to 13.6 psigl, (dpldt) ,,,,,, = 4.0 to 13.8 buris. at set-point5 of 0.07. 0.21. 0.34 ilnd 0.55 
barg [ l .0 ,  3.0. 5.0 and 8.0 psig]). The tests with pressure set-pointa of0.07.  0.21 ~ n d  0.55 bars 
(1.0. 3.0 and 8.0 psig) were conducted with the ignition located only ;it the geometric center of 
the vessel. The tests run with a pressure set-point of 0.34 barf ( 5 . 0  psig) were carried out with 
the ignition source at each of the three pohsible locations (center. cast end and west end). Of 
these three tests. the one which had been estimated to repreent  the highest chi~llenge [west end 
ignition, dbove and behind the agent discharge nozzle) actually ~.ehulted in the lowest vi~lues of 
Ap,,,.,, and (dpldt),,,,,, obtained under theae pressure set-point conditions. 

One of the turbulent tests, which was run for a aet-point of 0.07 barg (1.0 pstg) and with ;In 
ignition location at the center of the vessel. resultetl in Ap,,,,,, = 0.79 barg (5.7 psig) and (dpldt),,,,,, 
= 5.7 baris. This is a result very similar to that o b w v e d  in the cn\c of quiescent conditions. 
Three tests were run with a pressure set-point of 0.21 barg (3.0 p i g ) .  with each of the three 
ignition locations. A s  in the quiescent case. the lowest values of Ap,,,,,, and (dpldt),,,,,, were 
obtained in the test with the ignition source located at the west end of the vessel (see Fig. 3). On 
the other hand, relatively high suppressed pressures (1.4-1.5 barg [20-22 psig]) were measured 
for central and east end ignitions. For the conditions of these teats, both SB and M A P  should be 
consitlered to have failed in suppressing turbulent mixtures with a detection threshold of 0.21 
barg (3 psig). The post-suppression ignition attempts made after each test with M A P  essentially 
confirmed the results obtained after the SB run\. 

5.3 Cold Water Suppression Agent Results 

The results of the suppression tests with cold water (all conducted under quiescent conditions) 
were considered to be failures of the explosion suppression system. with the exception of two 
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FIGURE 4 - Suppression Tests with Unheated (left) and Heated (right) Water, for Varying 
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runs (see Fig. 4) performed with an activation pre\sure \et-point of0.07 bar:: ( I .O p i g ) .  All othrl- 
tests carried out with 3 or even 4 liters of water (pressurrc \witch \et-points of 0.07 or 0.21 barg 
[I .0 or 3.0 psig]). large or small hole noz,zle. did not re\ult in \uppre\sion\ of the explosion. 

Six t a t s  were also performed by adding carbon dioxide (CO:) to the driver mixtiire to enhance 
the effectiveness of cold water as a suppression a p t .  The idea wa\ to to take ;~dvantnge of the 
expansion on agent delivery of the dissolved CO?, to promote fragmentation of the water stream 
into droplets. The COI was added to the HRD by bubbling it through the water charge up to 
maximum pressures of either 13.8 or 23.8 barg (200 or 360 psig). The pressure in the HRD was 
then raised by nitrogen addition to a final value of 50 barg (725 p\ig). In one test. special care 
was taken to ensure that the water charge would be saturated by COz. This was achieved by 
shaking of the HRD during charging. In addition. saturation conditions were confirmed by 
weight measurements. 

These tests with carbonated water produced a single. lion-repeatable suppression. This is 
considered a random result, with minor impact on the general conclusion that the presence of the 
CO? had a negligible effect on the performance of the system. Lack of suppression wa\ marked 
by the attainment of full explosion pressures and high rates of pressure rise. to an extent very 
similar to what was observed with the non--carbonated water. 

5.4 Heated Water Suppression Agent Results 

Prior to testing with heated water, an exploding methanelair mixture was developed as the driver. 
This method of agent deployment was found to be relatively slow. as it involved times of the 
order of 50-60 msec from triggering of the system to the ~nornent of actual agent release. The 
first suppression run with the explosive mixture as the driver was for an initial pressure of the 
mixture of 10.7 barg (155 psig) and used cold water. This test confirmed the expectation that 
cold water would not perform any better with a methanelair mixture driver than in the previous 
instances where a compressed-gas charge was used. The delay in system actuation caused the 
agent to discharge when the pressure in the vesbel had reached about 0.8 barg ( I 2  psig), even 
though the set trigger pressure was 0.21 barg (3.0 psig), further reducing the possibility of a 
successful suppression. All subsequent testing was carried out with heated water. 

The presence of steam above the heated water charge required replacement of the air by oxygen 
to obtain a sufficiently reactive mixture for the driver. Four tests were performed under these 
conditions with a systern trigger pressure of 0.07 barg (1.0 psig) and water temperatures of 170. 
200 and 230°C (338, 392 and 446°F). As already discussed, the performance of the system was 
degraded by the relatively slow response of the driver. This was particularly deficient in the case 
of one test, in which the resulting activation delay, of the order of 120 msec, led to agent 
deployment by the time the explosion pressure in [he test vessel had reached i~bout 1.4 barg (20 
psig). In the other two tests where data \yere obtained, the activation delay was of the order of 30 
msec. and the system performed in a manner similar to that of later test?, with explosively- 
actuated burst discs. There was no indication from these experiments of the hot driver gases 
having a negative impact on the effectiveness of the suppression process. 

Eventually, a solution was found that allowed for use of the Fenwal explosive actuator and its 
associated rupture disc with the HRD filled with heated water. All remaining tests were, 
therefore, performed with the agent deployed by hardware that provided the same response to the 
triggering signal as that of the tests with the powder agents and with the cold water. With the 
exception of two runs, in which the steam pressure was topped off to 50 barg (725 psig) by 
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significant temperature and pressure rise in 
the protected volume. This effect was 

quantified by a test, in which the HRD filled with 4.5 liters of 230°C (446°F) water was 
'discharged in the test volume filled with an ambient pressure methane/air mixture. This release 
produced a maximum temperature in the vessel of about 100°C (212°F). which settled down to 
85°C (185°F) within 0.5 sec. and a 0.83 barg (12 psig) pressure rise. This contribution to the 
overall pressure rise from the steam complicates the definition of what should be assumed to 
constitute successful suppression when heated water is involved. It was noted, however, that in 
the tests where suppression was achieved, the temperature in the vessel settled very rapidly 
(within 0.5 sec from injection) to 100°C (212°F). Higher temperatures were recorded in tests 
where significant combustion occurred after introduction of the agent. 

In the two tests performed under turbulent condition<, further increaes were measured for the 
suppressed explosion pressure. A possible factor with an important impact on overall system 
performance is the fact that agent release under steam pressure alone appears to take about 200 
msec. twice the time required when ;i pressurized nitrogen driver is uued. The reduced speed in 
agent deployment obviously causes delayed extinction of the flame front and allows for higher 
pressure development in the protected volume. 

5.5 Comparison of Agent Performance 

An overview of the test results is given by the data summary provided by the plot in Fig. 5. As 
can be seen. both SB and MAP have similar effectiveness in the case of quiescent mixtures. 
However, for the conditions of the tests with turbulence, these agents start to display 
unsatisfactory performance at a detection pressure of 0.21 barg (3.0 psig), as indicated by 
suppressed pressures of 1.5-2.3 barg (22-33 psig). This points to the strong possibility that even 
these agents may e n c ~ u r ~ ~ c r  some difficulty in suppressing high-challenge gas explosions. 



On the basis of the measured suppressed pressures, the data indicate that hot water is 
significantly less effective than the powder agents. However. if the pressure associated with 
steam addition is deducted from the measurement, the total pressure rise in the heated water tests 
at low trigger pressures (0.07 and 0.21 b u g  [1.0 and 3.0 psig]) becomes comparable to that 
measured with powder agents, i.e. of the order of 0.34-0.59 bars (5-8.5 psig). While increaring 
substantially as the system trigger point is raised, the suppressed pressure doe5 o gradually. Thi\ 
is taken as an indication that some degree of tlame extinguishment is achieved with hot water in 
all cases, even when the suppression cannot be considered successful. One final observation is 
that the presence of initial turbulence in the mixture causes an incl-ease in suppressed pressure 
similar to that observed in the case of the powder agents. 

VI SUMMARY AND CONCLUSIONS 

The data obtained in this work confirm the results from other studies, which have indicated that 
explosion suppression systems can be effective in suppreshing both quiescent and moderately 
turbulent homogeneous gaslair explosions. The experiments described in this paper have 
involved methane-air mixtures with burning velocities in the range of 0.4 to 1.7 mls, and sodium 
bicarbonate (SB) and monoammonium phosphate (MAP) as agents. Under turbulent conditions, 
however, the tests from this program have underscored the fact that reliable suppression requires 
early detection of the explosion. While the testing did not address the question of the effect of 
agent charge, it would seem reasonable to require that the delivered concentration of agent be at 
least equal to that necessary to inert the mixture in order to provide some degree of post- 
suppression protection. A quantitative definition of this requirement can be baaed on inerting 
data of the type obtained in this study from tests in a 20-liter apparatus. combined with estimates 
of the effect of settling on the residence time of the powder agent. 

Ambient-temperature water does not appear to be an effective agent, as it failed to suppress 
explosions of the 10% methanelair mixtures used in the tests. The performance of this agent was 
not improved by the addition of carbon dioxide dissolved in the water. This result, which 
essentially confirms the findings of other studies. is probably attributable to the fact that the 
droplets (estimated at 100-150 ym diameterx) produced by the fragmentation of the water jet are 
too large to allow for sufficient heat extraction from the flame front. Better performance was 
obtained with heated water, with successful suppression requiring temperatures of 230°C (446°F) 
or higher and early detection of the explosion (trigger pressure of 0.07 barg [I .O psig]). An 
undesirable aspect of the use of heated water is the fact that suppressed pressure levels are high, 
owing to the contribution from the steam introduced in the protected volume, which can typically 
represent about 1 bar (14.5 psi) of the total pressure rise. This fact alone may well limit the use 
of hot water for the suppression of vaporkair explosions to cases where the protected volume is 
strong or where suppression is used in combination with explosion venting. 

Other details of the explosion suppression system were considered by the study. For example, 
the effectiveness of a smaller-holed agent discharge nozzle (intended to better break up the water 
particles) was found to be substantially equivalent to that of a large-hole nozzle. The lack of 
improved performance may be in part attributable to the fact that the smaller holes had some 
tendency to become clogged by debris from the rupture disc or the explosive actuator. The 
location of the ignition source had a small effect on the performance of the suppression system, 
with the observation of better performance when the ignition was located behind the agent 
discharge nozzle. Finally. turbulence in the mixture consistently increased the challenge 



presented to the suppression system, as showti by the higher pressures developed in the 
suppressed explosion. 
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