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Abstract

Traditionally, the only parameter used to measure the performance of total compart-

ment (i.e. total flooding) water mist or water spray systems during fire testing has been

the time to extinguishment. However, the use of a single parameter has been criticized

since it can result in poor system designs. This study evaluates additional parameters in

order to improve the characterization of system performance. Two series of fire tests

were conducted with a number of water mist and water spray fire protection systems:

the former in a 500 m3 test compartment using three different systems; the latter in a

250 m3 compartment using four different systems. The heat release rate of the fire and

the gas temperatures inside the test compartment were measured. Based on these

measurements, the fire suppression capability of the systems, their temperature reduc-

tion capability and their ability to mix water vapor, water droplets and combustion gases

within the compartment were determined. The tests revealed that the time to extin-

guishment varies several tens of percent under identical conditions. It was also observed

that the relative performance of the systems was influenced by the size of the fire.

The results obtained with the additional parameters were much more repeatable and

consistent than using time to extinguishment alone. It is concluded that fairly simple and

inexpensive measurements can improve current fire test procedures.
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Introduction

Total compartment water mist or water spray fire protection systems are being
considered as replacement for Halon 1301 in machinery space applications. A total
compartment1 application water mist or water spray fire protection system is
designed to discharge water droplets or mist uniformly throughout an entire com-
partment. In practical installations, this is achieved with overhead nozzles at the
ceiling combined with nozzles in obstructed or cluttered areas. All nozzles in the
compartment are simultaneously operated by manual or automatic means.

During the mid-1990s the International Maritime Organization (IMO) devel-
oped fire test procedures for water based fire protection systems considered as
‘equivalent’ to Halon 1301 systems for machinery spaces and pump-rooms on
board ships. These fire test procedures are contained in IMO MSC/Circ. 668 [1],
which was later amended by IMO MSC/Circ. 728 [2].

The fire test procedures in [1] have, with some modifications, provided the basis
for fire test procedures published by FM Global [3] and Underwriters
Laboratories, Inc. [4]. During the last few years, numerous tests using these fire
test procedures have been conducted at different fire test laboratories worldwide.
Some of this fire testing has revealed problems with the fire test procedures, the
most problematic being that potentially poor system concepts have entered the
market, for example systems with very low water flow rates and limited cooling
capabilities [5]. Other systems have passed the tests with ‘doorway screening noz-
zles’ that are horizontally directed towards the center of the test compartment. The
intention of these nozzles is to enhance the burning rate during the small pool fire
scenarios typically used, thereby increasing the gas temperatures inside the test
compartment and reducing the oxygen level faster. This method will indeed
reduce the time to extinguishment and the system may pass the test. However,
the performance of the system is strongly linked to the specific test conditions,
such as the exact test compartment geometry and the location of the fire.
Therefore, the system performance may be different in actual use.

With the introduction of IMO MSC/Circ. 1165 [6], the use of ‘doorway screen-
ing nozzles’ were indirectly prohibited by the new requirement that nozzles should
only be installed in a uniformly spaced overhead nozzle grid during fire testing.
Moreover, a thermal management test was included to determine the temperature
reduction capabilities of a system.

This article presents a series of well-instrumented and realistic fire tests
using commercial water mist and water spray fire protection systems. The objective
is to improve the characterization of system performance by examining add-
itional measurement parameters that could potentially complement time to
extinguishment.

Previous research

Using the fire test procedures of [1] and [2] as their baseline, Back et al. [7] inves-
tigated the strengths and limitations of water mist systems in machinery space
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applications in eight large-scale machinery space test programs. The compartment
volumes ranged from 100m3 to 1000m3, and the type of fires, fire size, fuel type
and degree of ventilation were varied. These evaluations included ten commercially
available water mist systems and five generic water mist systems produced using
off-the-shelf industrial spray nozzles. The following was concluded:

1. Water mist systems extinguished fires in minutes, compared with fractions of
minutes for gaseous halon alternatives.

2. Immediately after activation, all of the water mist systems significantly reduced
the gas temperatures in the space. In most of the tests the space became well
mixed with a uniform temperature between 50�C and 70�C.

3. Larger fires were easier and faster to extinguish than smaller fires. This was
related to the consumption of oxygen by the fire, the generation of water vapor
and the turbulence created by the fire.

4. Lower flash point fuels (heptane) were more difficult to extinguish than higher
flash point fuels (diesel oil). This was attributed to the re-flash or re-ignition
potential of the lower flash point fuels.

5. Obstructed fires were more difficult to extinguish than unobstructed fires,
which was attributed to the amount of mist actually reaching the fire.
Obstructions usually result in areas of lower mist concentration. For this
reason, additional oxygen depletion is required to aid extinguishment.

6. In many cases, the systems could not extinguish small, obstructed fires. Small
fires in the presence of larger fires were much easier to extinguish than small
fires alone.

7. The systems that produced small drops with high momentum demonstrated
superior extinguishing capabilities against obstructed and unobstructed pool
and spray fires.

8. Larger ventilation openings significantly reduced the performance of the sys-
tems. This was related to high mist losses out of the ventilation opening, a lack
of oxygen depletion and a decrease in water vapor production.

9. For some systems, increases in the mist discharge rate reduced extinguishment
times, primarily in unobstructed fire tests.

10. Increases in mist discharge rate had little, if any, effect on the fire extinguishment
performance in obstructed fire tests. The strategic positioning of nozzles seemed
to improve mist dispersion and thus increased the performance of a system.

11. Pool fires were more difficult to extinguish than spray fires with the same heat
release rate (HRR). This was attributed to a reduction in HRRs of pool fires
when the oxygen concentration in the space was reduced.

12. There appeared to be a relationship between the time required to extinguish
an obstructed fire and the size of the fire under the same protection condition.
This relationship is a function of the time required to reduce the oxygen con-
centration in the space below a critical value. For a given fire scenario, this
critical oxygen concentration appeared to be dependent on the spray charac-
teristics of the water mist system for the same nozzle arrangement.
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Hansen et al. [8] have evaluated the fire suppression performance of fixed pres-
sure water spray systems for machinery spaces as described in Regulation 10 of the
Safety of Life at Sea (SOLAS) provisions. The capabilities and limitations of twelve
water spray systems were determined using [1] and [2] as the basis for their analysis.
The tests were conducted in a simulated 500 m3 machinery space. Generally speak-
ing, the trends obtained in the performance of the water spray systems were similar
to those observed for water mist systems. However, water mist systems typically
exhibited slightly better performance for smaller fires. They concluded that the
performance of water spray systems cannot be associated with a single parameter
such as application rate and therefore must be determined empirically.

Description of fire tests

Two series of tests were conducted: the first inside a 500m3 test compartment [9],
the second inside a 250m3 test compartment [10]. The larger test compartment
measured 12.5m (L)� 8.0m (W), whilst the smaller compartment measured
6.25m (L)� 8.0m (W). The ceiling heights were identical at 5.0m. The walls and
the ceiling were constructed from 2mm thick steel sheets. The ceiling had two small
pressure relief vents with hatches positioned close to two of the ceiling corners.
Schematic drawings of the test compartments are shown in Figure 1.

For the tests inside the 500m3 test compartment, diesel oil and heptane pool fires
were used. For the tests inside the 250m3 test compartment, only the heptane pool
fires were used. The fires had nominal HRRs of 250 kW, 500 kW, 1MW and 2MW,
respectively and were either fully exposed to the water spray (unobstructed) or
completely shielded by a horizontal steel plate obstruction measuring
2.0m� 2.0m. The horizontal steel plate was positioned 1.0m above floor and
the vertical distance measured from the rim of the trays to the bottom of the
steel plate was 0.7m. In order to be able to calculate the HRRs of the fires, the
weight loss of the fire tray was measured using a load cell. These measurements
were only valid for the cases where the pool fires were completely shielded by the
horizontal steel plate obstruction since direct droplet impingement on the fuel
surface would influence the reading. The arrangement of the horizontal steel
plate obstruction is shown in Figure 2. Very fine mist droplets (with diameters
less than approximately 20 mm) may tend to flow towards the fire tray due to fire
plume entrainment and fall into the tray, although the tray was shielded. The
droplet size distribution of the nozzles was not measured, but it is judged that
only a small fraction of the full distribution is this small. Such small droplets
will evaporate very rapidly, on the order of microseconds, if exposed to flame
temperatures. In other words, the likelihood of droplets falling into the fire tray
and influencing the reading of the load cell is insignificant. The uncertainty of the
load cell measurement was approximately �0.08 kg.

The pool fires were arranged in circular trays with diameters chosen to provide
the desired nominal heat release rate. The rim height of the trays was 150mm,
except for the largest diesel fire tray, and the trays were filled with 50mm of fuel.
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Additional water was added to provide a freeboard of 50mm, except for the trays
used for the 500 kW fires, where no water was used. Tables 1 and 2, respectively,
provide information about the fire trays.

Three different water mist and water spray fire protection systems were used in
the 500m3 test compartment:

1. A water spray system (denoted WS) flowing 500L/min at 2 bar. This system
was designed according to the requirements of Chapter 7 of the IMO FSS Code
[11]. Earlier, these requirements were found in SOLAS II-2, regulation 10 [12].
Eight pendent, single-orifice nozzles were installed at the ceiling in a
3.33m� 3.33m spacing. The nozzles had a K-factor of 43.2 (L/min)/bar1/2

and a spray angle of 110�.
2. A low-pressure water mist system (denoted LP) flowing 97L/min at 12 bar.

Eight upright, single-orifice nozzles were installed at the ceiling in a
3.33m� 3.33m spacing. The nozzles had a K-factor of 3.6 (L/min)/bar1/2.
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Figure 1. Side views of the test compartments. Length of the 500 m3 test compartment was

12.5 m and length of 250 m3 test compartment was 6.25 m. Otherwise, all dimensions were

identical.
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Figure 2. One of the pool fire trays positioned on the load cell and under the horizontal

steel plate obstruction. The thermocouple trees appear in the background.

Table 1. Diesel oil fire tray specifications.

Nominal HRR Diameter (m) Area (m2)

Rim height

(mm)

Amount of

fuel (L)

Amount of

water (L)

500 kW 0.79 0.49 150 49 –

1 MW 1.01 0.80 150 40 40

2 MW 1.44 1.63 250 81.5 244

HRR: heat release rate.

Table 2. Heptane fire tray specifications.

Nominal HRR Diameter (m) Area (m2)

Rim height

(mm)

Amount of

fuel (L)

Amount of

water (L)

500 kW 0.62 0.30 150 30 –

1 MW 0.79 0.49 150 24.5 24.5

2 MW 1.12 0.98 150 49 49

HRR: heat release rate.
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3. A high-pressure water mist system (denoted HP) flowing 60L/min at
70 bar. Four pendent, multi-orifice nozzles were installed at the ceiling in a
2.5m� 5.0m spacing. The nozzles had a K-factor of 1.9 (L/min)/bar1/2.

In addition to the testing of these three systems, free burn fire tests were con-
ducted inside the compartment to provide baseline fire data as a reference for the
fire suppression tests.

For the tests inside the 250m3 test compartment, the following four systems
were tested:

1. The same water spray system as described above, but with four nozzles instead
of eight installed at the ceiling. The system used 250L/min at 2 bar.

2. The same low-pressure water mist system as described above, but with four
nozzles instead of eight installed at the ceiling. The system used 48L/min at
12 bar.

3. The same high-pressure water mist system as described above, but with two
nozzles instead of four installed at the ceiling. The system used 30L/min at
70 bar.

4. A high-pressure low-flow water mist system (denoted HPLF), with two pen-
dent, single-orifice nozzles installed. The nozzles were of the hollow cone type,
had a K-factor of 0.12 (L/min)/bar1/2 and a spray angle of 80�. The system
flowed 2L/min at 75 bar.

It should be noted that half the number of nozzles and half the water flow rate
were used in the smaller test compartment. As in the first series of tests, reference
free burn fire tests were conducted.

The test compartments were instrumented to measure the thermal conditions
inside the test compartment, the wall and ceiling temperatures, the radiant heat
flux from the fires, the compartment pressure and the gas concentrations of
O2, CO and CO2. The gas concentration measurements were conducted 0.5m
above floor (i.e. at the level of the fire tray) and 1.0m below ceiling, respect-
ively, at the position of the thermocouple tree positioned closest to the fire
tray. The gas sampled from the test compartment was dried prior to entering
the measurement equipment. The oxygen concentration is therefore determined
on ‘dry’ basis, i.e. without the influence of any water vapor on the overall
oxygen concentration.

Two thermocouple trees (one in the 250m3 test compartment) were used to
measure the gas temperatures. Each tree consisted of 10 thermocouples pos-
itioned at the following vertical distances below the ceiling: 0.25m, 0.5m,
1.0m, 1.5m, 2.0m, 2.5m, 3.0m, 3.5m, 4.0m and 4.5m. Small angle-iron shields
were positioned above each measurement point to minimize wetting of the
thermocouples by direct water spray. Figure 3 shows the arrangement with the
angle iron shields.
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Test results based on time to extinguishment

To a certain extent, the test results were in line with the results of Back et al. [7] and
Hansen et al. [8], since fires were extinguished in minutes, as compared with frac-
tions of minutes associated with gaseous halon alternatives. Typically, the times
ranged from around 2min for the largest fires to between 30 and 40min for the
smallest fires. It was also observed that gas temperatures were significantly reduced
upon system activation and larger fires were easier and faster to extinguish than
smaller fires.

However, in addition, there were other findings of interest. Time to extinguish-
ment was not repeatable, even under identical test conditions. The tests that were
repeated in the 500m3 test compartment show a 20% to 80% variation in time to
extinguishment. Repeatability was better for the tests in the 250m3 test compart-
ment; however, the variation was between 30% and 40% for several of these tests
as well. It was also observed that the free burning fires self-extinguished, due to
oxygen depletion, at least as fast as the fires were extinguished by the tested system
in several different cases.

Some of the exposed pool fires were suppressed to such an extent that they were
not extinguished until the fuel had been consumed, indicating that efficient fuel
surface cooling can counteract extinguishment. This was observed when both diesel
oil and heptane were used, but was especially noticeable for the diesel fuel, which is

Figure 3. Supports for the one of the thermocouple trees, showing angle iron shield over a

thermocouple and a gas measurement probe.
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expected due to its relatively higher flash point. In other cases, the extinguishment
of exposed fires was prolonged compared with obstructed fires of the same size.
When the fire size is reduced due to fuel surface cooling, the rate at which the
oxygen level inside the test compartment diminishes will also be reduced, which
increases time to extinguishment or prevents final extinguishment. This effect was
primarily observed for the tests with the water spray system, but to some extent
also for the low-pressure water mist system tests. Figures 4 and 5, respectively,
illustrate this effect.

If water droplets were too small to interact with the fuel surface, exposed fires
were generally extinguished faster than obstructed fires. This was primarily
observed during the tests with the high-pressure water mist system.

The ‘ranking’ in performance of the tested systems based on time to extinguish-
ment was different in the 250m3 test compartment compared to the 500m3 com-
partment for a specific fire size. Refer to Table 3, where the tested systems are
ranked from the fastest to the slowest time to extinguishment for the 250 kW,
500 kW, 1MW and 2MW obstructed heptane pool fires. The ‘ranking’ of the
tested systems was also different for different fire sizes in the same compartment
when time to extinguishment was used as the measurement parameter. This was
observed for both compartment sizes and is also illustrated in Table 3.

These findings indicate that the time to extinguishment as a single measurement
parameter is inadequate for describing the overall performance of a water mist or
water spray system. Parameters that provide additional information and better
repeatability are needed to obtain full understanding of system performance.
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as an obstructed 1 MW diesel pool fire when testing the low-pressure water mist system. The

exposed pool fire was suppressed to such an extent that it was not extinguished due to

oxygen depletion.
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Fire test results based on other measurements

Grant et al. [13] and Mawhinney et al. [14] have summarized the mechanisms for
fire suppression or fire extinguishment of hydrocarbon fires by water droplets as
follows:

. Cooling of the flame and gas in the vicinity of the fire (‘Gas phase cooling’).

. Cooling of fuel and potential fire surfaces (‘Fuel surface cooling’).

. Lowering of the oxygen concentration due to formation of water vapor
(‘Oxygen depletion’).

. Absorption of radiant heat (‘Heat radiation attenuation’).

Typically, all mechanisms are involved to some degree in the fire suppression or
fire extinguishment process. Better understanding during fire testing of how these
mechanisms, individually or combined, influence the test results is essential to
understand the performance of a tested system.

Furthermore, if quantifiable parameters that may be related to a performance
objective are used, the possibilities for the judgment of whether or not the actual
performance is acceptable or not is improved. As a supplement to the time-to-
extinguishment parameter, the following three parameters are suggested for deter-
mining the performance of a total compartment water mist or water spray system
during testing:

1. Fire suppression capability. The reduction of the HRR of a fire reduces the risk
for personnel or crew, limits the potential for fire and smoke damage, and
allows fire fighters to approach the fire.
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Figure 5. Average gas temperature inside the 500 m3 test compartment for an exposed as

well as an obstructed 1 MW diesel pool fire when testing the low-pressure water mist system.
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2. Gas temperature reduction inside the protected compartment. Cooling of hot fire
gases is important in order to prevent the fire from spreading inside the pro-
tected compartment as well as spreading to adjacent compartments, and allows
fire fighters to approach the fire. The cooling ability depends on the water
discharge rate, the drop sizes, the mixing conditions, as well as other factors
such as the initial water temperature.

3. Ability to mix water vapor, water droplets and combustion gases inside the pro-

tected compartment. The ability to mix water droplets, water vapor and com-
bustion products within a compartment is a measure of how well the system
will perform in fire scenarios or geometries other than those used in the fire
tests.

The three suggested parameters are not independent of each other; for example,
if the fire size is reduced, the gas temperature is also reduced. Moreover, there is a

Table 3. Ranking of systems, using time to extinguishment as the parameter, for obstructed

heptane pool fires. The test compartment was sealed.

Time to extinguishment (min:s)

Fire scenario 250 m3 test compartment 500 m3 test compartment

250 kW 1) Free burn – 27:49 No tests conducted

2) LP – 29:12 and 28:11 (28:41)a

3) HPLF – 35:09 and 31:23 (33:16)a

4) HP – 43:50 and 49:03 (46:26)a

5) WS – 42:45 and 50:30 (46:37)a

500 kW 1) HPLF – 09:58 and 09:05 (09:32)a 1) Free burn – 19:25

2) HP – 09:02 and 11:36 (10:19)a 2) HP – 26:18

3) LP – 11:18 and 13:13 (12:15)a 3) WS – 28:07

4) Free burn - 15:50 4) LP – 33:15

5) WS – 16:30 and 21:35 (19:02)a

1 MW 1) HP – (04:30 and 05:00) 04:45a 1) HP – 08:47

2) HPLF – (05:22 and 05:20) 05:21a 2) Free burn – 09:03

3) LP – 05:45a 3) WS – 10:40

4) Free burn - 06:30 4) LP – 12:30

5) WS – (06:58 and 09:40) 08:19a

2 MW 1) HP – (01:42 and 01:40) 01:41a 1) LP – 03.12

2) LP – (02:17 and 02:44) 02:31a 2) HP – 03:25

3) HPLF – (02:35 and 02:39) 02:37a 3) Free burn – 03:40

4) WS – (04:03 and 03:04) 03:34a 4) WS – 06:32a

5) Free burn - 05:40

aAverage time from two tests. HP: high pressure; LP: low pressure; HPLF: high pressure low flow; WS: water

spray.
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relationship between these parameters and the time to extinguishment. The water
vapor concentration increases significantly as the temperature rises, and an increase
in gas temperature could therefore potentially reduce time to extinguishment.
Despite these relationships, the use of the additional parameters gives a broader
understanding of system performance during testing.

A selection of experimental data is provided in the following sections to dem-
onstrate the use of these parameters. For most of the tests that are presented, the
test compartment was sealed, although the over pressure vents at the ceiling were
allowed to open and close during the test. The pre-burn time for the tests that are
graphically presented was 120 s.

Fire suppression capability

One method to measure fire suppression capability is to compare the amount of
energy produced from a given pool fire with and without the application of water.
A load cell positioned under the pool fire tray will show variations in momentary
effects, which when integrated over time will give the total energy produced, i.e. the
total heat release (THR). By using an obstructed pool fire, the impact from droplets
impinging on the fuel surface is minimized.

Figure 6 shows the THR for four tests inside the 500m3 test compartment with
the obstructed 500 kW heptane pool fire. The figure also indicates the time to
extinguishment of the fires, as the graphs are cut at the moment of extinguishment.

The THR at time t, was calculated using the following equation

THRðtÞ ¼ mðtÞ �m0

�� ���hc ð1Þ

where THRðtÞ is the total heat release at time t (MJ), mðtÞ the mass of fuel at time t
(kg), m0 the initial mass of fuel (kg) and �hc the heat of combustion of fuel
(44.6MJ/kg for heptane).

As can be seen, the low-pressure system provides the best fire suppression cap-
ability and the water spray system the least. The shortest time to extinguishment
was experienced during the free burn fire test.

Figure 7 shows the THR for five tests inside the 250m3 test compartment with
the obstructed 250 kW heptane pool fire. The ranking of the tested systems are
identical with the ranking obtained in the tests described above. In addition, it can
be observed that the high-pressure low-flow water mist system shows the least fire
suppression capability of the tested systems. As previously mentioned, the latter
system was not tested in the 500m3 test compartment. Also for these tests, the
shortest time to extinguishment was experienced during the free burn fire test.

Reduction of the average gas temperature

Technically, gas phase cooling can be determined by measuring the gas tempera-
ture at a sufficient number of points in a fire test compartment in order to obtain a
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valid average temperature. Using very small-bead thermocouples, shielded from
the water spray, minimizes the risk of measuring the wet temperature. Comparison
with a free burning scenario provides a measure of how the water mist or water
spray system changes the compartment environment by absorbing thermal energy.
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Figure 8 shows the average gas temperatures inside the 500m3 test compartment
with the obstructed 500 kW heptane pool fire. As can be seen, the water spray
system provides the best gas phase cooling and the high-pressure system provides
the least cooling.

Figure 9 shows the average gas temperatures inside the 250 m3 test compartment
with the obstructed 250 kW heptane pool fire. For these tests, the high-pressure low-
flow systemprovides the least cooling, which is consistent with its lowwater flow rate.
The other systems are ranked in the same order as the tests conducted in the 500m3

test compartment with the 500 kW fire source. Furthermore, it can be observed that
the temperature levels are comparable for both test compartment volumes.

Mixing of water vapor, water droplets and combustion gases

The difference in temperature uniformity between the high-pressure system and the
high-pressure low-flow system is illustrated in Figures 10 and 11, respectively.
These two graphs show the readings of all the thermocouples within the test com-
partment and the calculated average temperature for the obstructed 250 kW hept-
ane pool fire tests inside the 250m3 test compartment, respectively.

From these figures, it is clear that the high-pressure system provides a
more uniform temperature profile than the high-pressure low-flow system for
this particular fire scenario. However, the difference in performance is not
quantified.

In order to determine and quantify the temperature uniformity of the tested
systems, a temperature uniformity factor (TUF) is introduced, based on the
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following equations. The equations used are the expressions for Standard deviation,
Variance and Mean value

TUFðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var T1 . . .TNð Þ

p
ð2Þ

Var T1 . . .TNð Þ ¼
1

N� 1

XN

j¼1

ðTj ðtÞ � �TðtÞÞ2 ð3Þ
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inside the 250 m3 test compartment.

WS: water spray; LP: low pressure; HP: high pressure; HPLF: high pressure low flow.
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Figure 10. Temperature profile inside the 250 m3 test compartment for high-pressure system

using the obstructed 250 kW heptane pool fire scenario.
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�TðtÞ ¼
1

N

XN

j¼1

Tj ð4Þ

where TUFðtÞ is the temperature uniformity factor at time t (�C), TkðtÞ the tem-
perature measured at thermocouple k at time t (�C) and �TðtÞ the average tempera-
ture at time t (�C).

The TUF expresses the temperature uniformity inside the test compartment, as a
function of time. The lower the value, the more uniform the temperature.

Figures 12 and 13, respectively, show the TUF for the obstructed 500 kW hept-
ane pool fire tests inside the 500m3 test compartment and the obstructed 250 kW
heptane pool fire tests inside the 250m3 test compartment, respectively.

For the 500 kW–500m3 tests, the low-pressure system provided the best mixing
inside the test compartment, slightly better than that of the high-pressure system.
The mixing ability of the water spray system was poorer than those of the other two
systems for this fire scenario.

For the 250 kW–250m3 tests, the high-pressure system provided better mixing
inside the compartment than did the low-pressure system. The difference is, how-
ever, marginal. The high-pressure low-flow system provided the least effective
mixing of the tested systems; its ability to provide good mixing was actually
poorer than the mixing generated during the free burn test.

An analysis of the other fire scenarios indicates that the ranking of the
systems is analogous, irrespective of the fire size; i.e. the mixing ability of
the low-pressure system is slightly better compared with the high-pressure
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Figure 11. Temperature profile inside the 250 m3 test compartment for high-pressure low-

flow system using the obstructed 250 kW heptane pool fire scenario.
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system, followed by the water spray system. The high-pressure low-flow system
provides, by far, the poorest mixing for all fire scenarios in the 250m3 test
compartment. This is no doubt due to the low momentum of the water spray
and the low water flow rate.
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Figure 13. TUF for tests using the obstructed 250 kW heptane pool fire inside the 250 m3

test compartment.

TUF: temperature uniformity factor.
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Figure 12. TUF for tests using the obstructed 500 kW heptane pool fire inside the 500 m3

test compartment.

TUF: temperature uniformity factor.

Arvidson 293



Discussion

When water mist or water spray systems intended for the protection of machinery
space hazards are tested, the typical pass/fail criteria is that the time to extinguish-
ment should not exceed a certain value. The general experience from testing is that
larger fires are easier and faster to extinguish than are smaller fires. This is due to
the consumption of oxygen by the fire as well as the increased generation of water
vapor and turbulence associated with larger fires.

Another general observation is that obstructed fires are more difficult to extin-
guish than unobstructed fires, which is attributed to the amount of mist actually
reaching the fire. Obstructions usually result in areas of lower mist concentration.
Therefore, additional oxygen depletion by the fire itself and by water vapor is
required to aid extinguishment. For this reason, focus on smaller obstructed
pool fires is common in current fire test procedures.

The results of the fire tests presented in this article are basically in line with the
results of other studies. However, it was observed that time to extinguishment can
vary considerably even under identical test conditions, i.e. same fire type, same fire
size and same system parameters. The variation is probably a natural variation and
not due to any differences in test conditions. The relative performance of the tested
systems was influenced by the size of the fire, the volume of the test compartment,
and the degree of fire obstruction. Another result is that a free burning fire can self-
extinguish due to oxygen depletion faster than if extinguished by a water spray or
water mist system. This suggests that if the test compartment is reasonably airtight,
the time to extinguishment is not an actual indicator of the performance of the
tested system.

These observations suggest that performance testing of a water spray or water
mist system intended for total compartment protection needs to be based on add-
itional criteria than the time to extinguishment. This is especially true if the tests are
conducted in one compartment volume only, and if the performance criteria are
intentionally or unintentionally based on a single fire scenario (fire type, fire size,
degree of obstruction and position inside the test compartment), as is the case with
several current fire test procedures. Even though current fire test procedures usually
contain several different fire test scenarios, it is common that the smallest most
obstructed fire is the one that requires the longest time to be extinguished. Almost
all efforts are therefore spent to extinguish this fire. As mentioned, tests are typic-
ally conducted only inside a specific compartment volume and the position of the
fire is not altered. The position of nozzles is optimized to meet the criteria of the
test procedure, although, in an actual case, fire could occur virtually anywhere
inside a protected compartment.

During the tests, the fire suppression capability of the systems, their temperature
reduction capability and their ability to mix water vapor, water droplets and com-
bustion gases within the compartment were determined. The test results obtained
with the additional parameters were much more repeatable and consistent than the
time to extinguishment parameter alone. Tables 4 to 7 summarize the results for
the obstructed 250 kW, 500 kW and 1MW heptane pool fires, respectively, inside
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Table 6. Ranking of system performance for the obstructed 250 kW

heptane pool fire inside the 250 m3 test compartment using the parameters

discussed.

Time to

extinguishment

Fire suppression

capability

Gas temperature

reduction

Mixing

ability

Free burn LP WS HPa

LP HP LP LPa

HPLF WS HP WS

HP HPLF HPLF Free burn

WS Free burn Free burn HPLF

aMarginal difference in performance in these tests. WS: water spray; LP: low pressure;

HP: high pressure; HPLF: high pressure low flow.

Table 4. Ranking of system performance for the obstructed 500 kW

heptane pool fire inside the 500 m3 test compartment using the parameters

discussed.

Time to

extinguishment

Fire suppression

capability

Gas temperature

reduction

Mixing

ability

Free burn LP WS LPa

HP HP LP HPa

WS WS HP WS

LP Free burn Free burn Free burn

aMarginal difference in performance in these tests. WS: water spray; LP: low pressure;

HP: high pressure.

Table 5. Ranking of system performance for the obstructed 1 MW

heptane pool fire inside the 500 m3 test compartment using the parameters

discussed. Note: These results are not graphically illustrated in the article.

Time to

extinguishment

Fire suppression

capability

Gas temperature

reduction

Mixing

ability

HP LP WS LP

Free burn HP LP HP

WS WS HP WS

LP Free burn Free burn Free burn

WS: water spray; LP: low pressure; HP: high pressure.
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the 500m3 and 250m3 test compartments by the ranking of system performance.
The individual ranking based on the three suggested parameters is in most cases
consistent. For the cases (as indicated in the tables) where the ranking was not
consistent, the difference in system performance was only marginally different.

Two tested systems may have completely different characteristics but still meet a
specific ‘time to extinguishment’ criteria. As an example, the performance of the
high-pressure low-flow system would be judged as comparable or even superior to
the high-pressure system when judged exclusively on time to extinguishment, for a
specific fire scenario. In actual fact, the high-pressure low-flow system does not
provide fire suppression capability, gas phase cooling and temperature uniformity
nearly as well as the high-pressure system or any of the other tested systems.

These three parameters are valid for the determination of system performance as
they directly or indirectly indicate the potential for fire damage, fire spread and
accessibility for manual fire fighting. No specific acceptance criteria are discussed
here as they need to be determined for each specific application. It should also be
noted that the three measures are not independent of each other; for example, if the
fire size is reduced, the gas temperature is reduced as well. There is also a relation-
ship between these parameters and the time to extinguishment. The maximum
water vapor concentration in air increases when temperature rises, and an increase
in gas temperature could potentially reduce time to extinguishment, or from the
opposite perspective, superior cooling may increase time to extinguishment. An
increase of temperature may also correspond to a larger fire, which may increase
the stratification and reduce mixing uniformity. The understanding of the relation-
ship between the three individual parameters as well as their potential influence on
time to extinguishment is therefore important for their application.

The measurement of fire suppression capability requires that the pool fire is
shielded from direct water droplet impingement; otherwise the reading of the
load cell will be influenced. This particular measurement is therefore not suitable

Table 7. Ranking of system performance for the obstructed 500 kW

heptane pool fire inside the 250 m3 test compartment using the parameters

discussed. Note: These results are not graphically illustrated in the article.

Time to

extinguishment

Fire suppression

capability

Gas temperature

reduction

Mixing

ability

HPLF LP WS LP

HP HP LP HP

LP WS HP WS

Free burn HPLF HPLF Free burn

WS Free burn Free burn HPLF

WS: water spray; LP: low pressure; HP: high pressure; HPLF: high pressure low flow.
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for exposed pool fire scenarios. It is, however, possible to use gas measurements for
shielded as well as for exposed pool fire scenarios. The number of thermocouples
should be sufficient to cover the whole test compartment volume and strategically
positioned such that they capture any expected or unexpected temperature vari-
ations within the volume.

The use of the three parameters is also more appropriate for small fires relative
to the test compartment volume as compared to large fires, i.e. where the time to
extinguishment is several minutes rather than more or less instantaneous. Despite
the fact that the three parameters provide useful additional information for the
determination of the performance of a tested system, focus should still not be on a
single fire scenario and a single fixed fire position. It is recommended that the
evaluation is based on multiple different fire scenarios at multiple different fire
positions.

An obvious observation from the test series is that the determination of a stat-
istically significant value for the ‘time to extinguishment’ for a specific fire scenario
requires a number of fire tests, not a single test, as specified in several current fire
test procedures. With a larger number of tests, significance testing can be used to
determine whether the observations reflect a pattern rather than just chance.

Conclusion

The performance objectives of total compartment water mist or water spray sys-
tems are rarely discussed, although attempts have been made to bring some atten-
tion to poor system concepts that have evolved due to either lack of knowledge or
misuse of some of the present fire test procedures and their associated acceptance
criteria. The fact that a system has passed a fire test is, of course, not a guarantee
that it will function in reality, but some concepts seem to have been developed with
the intent to pass a specific fire test rather than provide an overall level of fire
safety.

The tests and the test results presented in this article show that ‘time to extin-
guishment’ should not be the only parameter considered when the performance of a
water mist or water spray fire protection system is evaluated. Extinguishment is
naturally desirable, but focus on this parameter alone can lead to misinterpretation
of test results with subsequent reliance on ineffective systems. If supplemented by
other relevant parameters, the understanding of system performance is enhanced
and the performance of the system can be related to such objectives as fire sup-
pression capability, the probability for fire spreading inside the protected compart-
ment, fire spreading to adjacent compartments, as well as accessibility for manual
fire fighting.

The three parameters that are suggested have been shown to be both repeatable
and representative of desired performance objectives. Moreover, the method has
been proven to accurately ‘rank’ the system performance, irrespective of the com-
partment volume and the fire size. It is therefore concluded that fairly simple and
inexpensive measurements can significantly improve current fire test procedures

Arvidson 297



and provide additional test data that simplify judgments as to whether system
performance is acceptable or not. The cost of adding the instrumentation to meas-
ure and determine the three parameters described are marginal compared with the
total cost of a fire test series.

Note

1. For gaseous agents, the term ‘total flooding’ is used. Systems working on a total flooding

principle apply an extinguishing agent to an enclosed space in order to achieve a con-

centration of the agent adequate to extinguish the fire.
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