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Abstract 

 

 

The present thesis attempts to understand the performance of the water mist 

fire suppression system, including the water mist nozzles and the whole 

system operation under different conditions through experiments and 

theoretical analysis.  The impacts of the water mist nozzle, different fire 

parameters on the performance of the fire as well as the quantitative 

correlations between the fire size, i.e. the heat release rate of the fire and the 

room temperature change with respect to the extinguishing time were 

studied.  

 

A comprehensive literature review of the studies of the water mist system 

conducted by different researchers and organizations in different countries 

has been carried out.  The findings from the study were presented in the 

thesis.  It was found that under the ideal situation, water mist discharged is 

assumed to evaporate completely after coming into contact with the flame. 

With a proper design, the WMFSS can be used to extinguish electrical fires 

without danger.  The WMFSS could be applied in different forms 

including total flooding and local applications.  Apart from the many 

advantages, on the other hand, the WMFSS was also found to have some 

limitations under different fire scenarios. Its extinguishing performance is 

case-dependent and highly relates to the fire scenarios concerned.  In spite 

of design protocols from four big international organizations from different 

countries being provided, no �rule of thumb�- type design standard is 
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available for the system.  It was also found that three common types of 

water mist nozzles are widely applied including the impinging type, 

pressure-jet type and twin-fluid air-atomizing type, and different water mist 

nozzles have different characteristics and application areas.  

 

30 full-scale experiments have been conducted in Mainland China.  The 

full-scale burning tests were carried out in a room calorimeter at Lanxi, 

Harbin, Heilongjiang, China.  In the full-scale tests, different ventilation 

conditions, fire sizes, discharging methods of water mist, pre-burn time of 

the fire and the fire types were chosen as the testing parameters.  Water 

mist discharged from a low-pressure nozzle was the study target.  Two 

ventilation conditions were used in the tests such as limited ventilation with 

one third of a door sealed and full ventilation with the door open.  Two 

discharging modes including continuous discharging mode and cycling 

discharging mode were tested.  Pre-burn time of 90s, 120s and 180s were 

allowed to set up different fire scenarios.  Liquid pool fires using gasoline 

and diesel as the fuel source and solid fuel fires with PMMA cribs as the 

fuel source were set up.  During the experiments, heat release rate, 

temperature and oxygen concentration were recorded for detailed analysis.  

The experimental results revealed that under the same operation condition of 

pressure and flow rate, factors like the fire size, type of fuel, pre-burn time 

and discharging method affected the performance of the WMFSS in 

different ways.  Through results analysis, it was found that the 

extinguishing time is proportional to the heat release rate for liquid fires, 

which is consistent with the predicted results by a mathematical model.  
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The steady state room air temperature after extinguishment also increased 

with the heat release rate.  The peak temperature difference was directly 

proportional to the extinguishing time. Some experimental findings agreed 

with the literature results.  The study results are helpful to understand the 

effectiveness of the water mist system when facing different fire challenges. 



   

Acknowledgements 

 

 

This work would not have been possible without the support and 

encouragement of my supervisor, Professor W. K. Chow, under whose 

supervision I chose this topic and finish the thesis. He has been abundantly 

helpful, and has assisted me in numerous ways. 

 

I would also like to thank Dr. N. K. Fong, my co-supervisor, who has 

guided me and supported me during my research studies. 

 

I would like to thank Professor Y. Gao, Professor H. Dong and Dr. G.W. 

Zou from Harbin Engineering University for supporting on my experimental 

works; and to all those who helped me during my study. 

 

I cannot end without thanking my family and my husband, on their 

continuous constant encouragement and love I relied on throughout the 

period of study. 



   

 

 Table of Contents 
  

   Page 
Abstract  i 

Acknowledgements   

List of Abbreviations and Symbols   

Chapter 1: Introduction  1 

Chapter 2: Objectives  6 

2.1 Introduction  6 

2.2 Limitations of the development of WMFSS  6 

2.3 Objectives of the study  8 

Chapter 3: Literature Review of the Water Mist Fire 
Suppression System 

 
10 

3.1 Introduction  11 
3.2 Extinguishing mechanisms and principles  11 
3.3 Different applications of the WMFSS  14 

3.3.1 Total-flooding system applications  14 
3.3.2 Local applications  16 
3.3.3 Portable extinguisher  17 

3.4 Review of studies conducted by different research 
organizations 

 18 

3.4.1 Civil Aviation Authority (CAA)  19 

3.4.2 National Institute of Standard and Technology 
(BFRL) 

 20 

3.4.3 National Research Council Canada (NRCC)  25 
3.4.4 US Coast Guard (USCG)  28 
3.4.5 Naval Research Laboratory (NRL)  30 

3.4.6 Swedish National Testing and Research 
Institution (SP) 

 31 

3.5 Standards and design protocols on the WMFSS  33 



   

3.5.1 Fire hazard identification  34 
3.5.2 Reviews of the standard tests and protocols  37 
3.5.3 Other organizations  41 

3.6 Conclusion  41 
Chapter 4: Methodology  43 

4.1 Introduction  43 
4.2 Theoretical approach  44 
4.3 Experimental approach  45 

 4.3.1 Continuous discharging  45 
 4.3.2 Cycling discharging  46 

4.4 Thermocouple  48 

4.4.1 
Thermocouples used in the experimental 

studies 

 
49 

4.5 Conclusion  49 

Chapter 5: Brief Review of Design and Operation 
Principles for Nozzles Discharging Water Mist 

 51 

5.1 Introduction  52 
5.2 Extinguishing mechanisms  53 
5.3 Operation conditions  54 
5.4 Principles of water jet breakup  56 

5.4.1 Centrifugal or swirl-type pressure nozzle  57 

5.4.2 
Pneumatic type nozzle (Twin-fluid type 

nozzle) 

 
58 

5.4.3 Impingement type nozzle  59 
5.4.4 Other generation methods  59 

5.5 Design of twin fluid water mist nozzle  60 
5.6 Characteristics of the water spray  63 
5.7 Droplet size distribution  63 

5.7.1 Sampling techniques  64 
5.7.2 Mathematical distribution functions  64 

5.8 Velocity distribution f(v)  65 
5.9 Application of the water mist nozzles  66 

5.10 Conclusion  68 



   

Chapter 6: Review and analysis of the literature data on the 
Water Mist Fire Suppression System 

 70 

6.1 Introduction  70 
6.2 Review of experimental studies  73 
6.3 Experimental results reported  77 
6.4 Extinguishing time text with heat release rate Q  79 

 6.4.1 High pressure system  79 
 6.4.2 Intermediate pressure system  80 
 6.4.3 Low pressure system  81 
 6.4.4 Summary  82 

6.5 Extinguishing time text with peak temperature 
difference ∆Tpeak 

 
82 

 6.5.1 High pressure system  84 

 6.5.2 Intermediate pressure system  85 

 6.5.3 Low pressure system  86 

 6.5.4 Summary  87 

6.6 Simple analysis on extinguishing time and heat 
release rate 

 88 

6.7 Conclusion  90 

Chapter 7: 
Review on Experimental Studies on the Water 
Mist Fire Suppression System in the 
Compartment 

 
92 

7.1 A review on the relevant experimental studies in 
the literature 

 93 

7.2 Machinery room  95 

7.3 Electrification equipment room  97 

7.4 Turbine hood room  97 

7.5 Computer cabinet  98 

7.6 Public transportation  99 

7.7 Flammable liquid storeroom  100 

7.8 Residential occupancies  101 

7.9 Review on PolyU studies on effect of room  102 



   

ventilation 

7.10 Ventilation effect deduced earlier  103 
7.11 Conclusion  107 

Chapter 8: Full-scale experiments on the Water Mist Fire 
Suppression System 

 108 

8.1 Introduction  109 
8.2 Experimental setup  111 
8.3 The fire scenarios  114 
8.4 Experimental results of 30 full-scale tests  118 
8.5 Comparison and analysis of Group 1 tests  131 
8.6 Comparison and analysis of Group 2 tests  134 
8.7 Comparison and analysis of Group 3 tests  136 
8.8 Comparison and analysis of Group 4 tests  137 
8.9 Conclusion  138 

Chapter 9: Conclusion  141 

    
Appendices   

Appendix A Brief study on the thermocouples  A-1 

Appendix B Experiment procedures in Lanxi, Harbin, 
Heilongjiang, China, 2005 

 A-8 

Appendix C The calculation of the mass flow rates for the 
twin-fluid water mist nozzle 

 A-17 

    
Reference   R-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

List of tables   

  Page 
Table 3.1 Total-flooding WMFSS division according to the 

operating pressure 
 T-1 

Table 3.2 A summary of experiments carried out for airplane 
fire 

 T-2 

Table 3.3 Summary of acceptance criteria in UL 2167  T-3 
Table 3.4 The acceptance criteria for the water mist fire 

suppression system for different premises by FM 
design protocol 

 
T-8 

Table 4.1 Test conditions and arrangement  T-16 
Table 4.2 Temperature rating for thermocouples  T-17 
Table 5.1 Water mist nozzle products provided in the market  T-19 
Table 5.2 Mean drop diameter  T-21 
Table 6.1 Summary of selected literature experimental 

results 
 T-22 

Table 8.1 The experimental data for 1A1  T-43 
Table 8.2 The experimental data for 1A2  T-44 
Table 8.3 The experimental data for 1A3  T-45 
Table 8.4 The experimental data for 1A4  T-46 
Table 8.5 The experimental data for 1A5  T-47 
Table 8.6 The experimental data for 1A6  T-48 
Table 8.7 The experimental data for 1A7  T-49 
Table 8.8 The experimental data for 1A8  T-50 
Table 8.9 The experimental data for 1B1  T-51 
Table 8.10 The experimental data for 1B2  T-52 
Table 8.11 The experimental data for 1B3  T-53 
Table 8.12 The experimental data for 1B4  T-54 
Table 8.13 The experimental data for 1B5  T-55 
Table 8.14 The experimental data for 1B6  T-56 
Table 8.15 The experimental data for 1C1  T-57 
Table 8.16 The experimental data for 1C2  T-58 
Table 8.17 The experimental data for 1C3  T-59 
Table 8.18 The experimental data for 1C4  T-60 
Table 8.19 The experimental data for 1C5  T-61 
Table 8.20 The experimental data for 2A1  T-62 
Table 8.21 The experimental data for 2B1  T-63 
Table 8.22 The experimental data for 2C1  T-64 
Table 8.23 The experimental data for 2D1  T-65 
Table 8.24 The experimental data for 3A1  T-66 
Table 8.25 The experimental data for 3A2  T-67 
Table 8.26 The experimental data for 3A3  T-68 
Table 8.27 The experimental data for 3A4  T-69 
Table 8.28 The experimental data for 3B1  T-70 
Table 8.29 The experimental data for 4A1  T-71 
Table 8.30 The experimental data for 4B1  T-72 
Table 8.31 Summary of the full-scale burning test results  T-73 
 
 



   

List of figures   

  Page 
Figure 4.1 The arrangement of the testing standard room and 

thermocouple trees 
 F-1 

Figure 4.2 The dimension and configuration of the PMMA 
crib 

 F-2 

Figure 4.3 Pan size for the gasoline pool fire  F-3 
Figure 4.4 Pan size for the diesel pool fire  F-4 
Figure 4.5 Operating of cycling discharging mode  F-5 
Figure 4.6 Basic thermocouple circuit  F-6 
Figure 4.7 The structure for different types of thermocouple   F-7 
Figure 4.8 Heat transfer for different types of thermocouples  F-8 
Figure 5.1 Characteristics of the water mist nozzle  F-9 
Figure 5.2 Swirl-type nozzle air cone formation procedure at 

different pressures 
 F-10 

Figure 5.3 The breakup mechanisms of a drop suddenly 
impacted by a high-velocity jet of air 

 F-11 

Figure 5.4 Spray geometry at the nozzle exit  F-12 
Figure 5.5 Representative droplet size distribution data at 

11.7bar 
 F-13 

Figure 5.6 Representative droplet size distribution data at 
12.1bar 

 F-14 

Figure 6.1 Room air temperature profiles  F-15 
Figure 6.2 Extinguishing time with heat release rate for  

the high pressure WFMSS 
 F-16 

Figure 6.3 Extinguishing time with heat release rate for the 
intermediate pressure WMFSS under no 
ventilation 

 
F-17 

Figure 6.4 Extinguishing time with heat release rate for the 
low pressure WMFSS 

 F-18 

Figure 6.5 Extinguishing time with heat release rate  F-19 
Figure 6.6 Extinguishing time with peak temperature 

difference for the high pressure WMFSS 
 F-20 

Figure 6.7 Extinguishing time with peak temperature 
difference for the intermediate pressure WMFSS 

 F-21 

Figure 6.8 Extinguishing time with peak temperature 
difference for the low pressure WMFSS 

 F-22 

Figure 6.9 Example of deriving the correlation between Q 
and text for the WMFSS 

 F-23 

Figure 6.10 Comparison of two correlations between heat 
release rate and extinguishing time 

 F-24 

Figure 8.1 Experimental setup with thermocouples  F-25 
Figure 8.2 Pans for liquid pool fires  F-26 
Figure 8.3 PMMA crib  F-27 
Figure 8.4 Comparison of Group 1 experimental results  F-28 
Figure 8.5 Comparison of Group 2 experimental results  F-29 
Figure 8.6 Comparison of Group 3 experimental results  F-30 
Figure 8.7 Results of Group 4 tests for PMMA crib fires  F-31 
Figure 8.8 Temperature profiles for Test 1A4  F-32 



   

Figure 8.9 Temperature profiles for Test 1B2  F-33 
Figure 8.10 Temperature profiles for Test 1C1  F-34 
Figure 8.11 Temperature profiles for Test 2A1  F-35 
Figure 8.12 Temperature profiles for Test 2B1  F-36 
Figure 8.13 Temperature profiles for Test 2C1  F-37 
Figure 8.14 Temperature profiles for Test 2D1  F-38 
Figure 8.15 Temperature profiles for Test 3A1  F-39 
Figure 8.16 Temperature profiles for Test 3B1  F-40 
Figure 8.17 Temperature profiles for Test 4A1  F-41 
Figure 8.18 Temperature profiles for Test 4B1  F-42 
 
 
 



   

 
Flow Chart of the Thesis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Water Mist Fire 
Suppression System 

(WMFSS) 

Study of Water Mist 
Nozzles 

Study of the 
Performance of the 

WMFSS 

Literature Review 
of the WMFSS 

Methodologies 
implemented 

Study of the 
Performance of the 

WMFSS under 
Different Ventilation 

Conditions 

Study of the 
Correlation of 

Impacting Factors 
with the Performance 

of the WMFSS 

Study of the 
Performance of the 
WMFSS under the 
Full-scale Burning 

Test 



   

List of Abbreviations and Symbols 

 

 

A:   Cross-sectional area of two-phase nozzle (m2) 

Aa, Aw: Cross sectional area of air and water nozzle, respectively 

(m2) 

Ato:   Total area of orifice(s) 

C:   Proportionality constant 

ca, cw:  Discharge coefficient for air and water nozzle respectively 

D:   Diameter of two-phase nozzle (m) 

D :   The overbar in D  designates an averaging process 

Di:   The diameter of the ith drop 

dwn:   Diameter of water nozzle (m) 

fv:   Velocity distribution function 

.
,aG

.

wG :  Momentum of air and water, respectively (kg·m/s) 

IQR: Interquartile range (the 75th percentile minus the 25th 

percentile) 

.
m :   Mass discharge flow rate (kg/s) 

.

am :   Mass flow rate of air (kg/s) 

.

awm :  Mass flow rate of air in the presence of water (kg/s) 

'
em :   Mass application rate of extinguishing agent required (kg) 

'
gm :   Mass rate of fuel consumed (kg) 



   

.

wm :   Mass flow rate of water (kg/s) 

.

wam :  Mass flow rate of water in the presence of air (kg/s) 

N:   Size constant 

n:   Number of available samples 

p and q:  The integers 1, 2, 3 or 4 

(p-q) p>q: The algebraic power of pqD  

pa, pw:  Air and water pressure, respectively (Pa) 

Pw:   Water pressure (Pa) 

p1:   Two-phase pressure drop (Pa) 

Qf:   Rate of heat given off by the fire (W) 

fireQ& :  Heat release rate of fire (W) 

Qint :  Internal accumulated energy (J) 

boundarylossQ ,
& : Heat loss through the boundary including the vent (W) 

Qw:   Rate of heat absorbed by a given mass of water (W) 

wmQ&  :  Heat absorption rate by water mist (W) 

r:   Pressure ratio (=patm/p, where p is pa or pm or pw or pl) 

Ra:   Gas constant (J/K·mol) 

Re:   Reynolds number 

T:   Temperature (K) 

TA:   Temperature of room air (K) 

TB:   Temperature of water boiling point (K) 

TL:   Temperature of liquid (K) 

TS:   Temperature of steam (K) 

TW:   Temperature of water droplet (K) 



   

text:   Extinguishing time (s) 

tpb:   Pre-burn time (s) 

∆Tpeak: Peak temperature difference for tests with and without water 

mist (oC) 

vv :   Average velocity vertical component of entrained air (m/s) 

W:   Width of the histogram bin 

X:   Lockhart-Martinelli parameter 

X :   Distribution constant 

α:   Velocity angle (degree) 

λa, λw:  Friction factor for air and water, respectively 

ρa, ρw:  Air and water density, respectively (kg/m3) 

σ:   Cross-sectional area ratio 

φ :   Mass fraction of air 

χ:   Isentropic exponent of air 

 

 



1 

Chapter 1: Introduction 

 

 

Water mist fire suppression systems (WMFSS) with mean diameters less 

than 0.3m have been reported to extinguish diffusion flames as early as in 

the 1960s (William 1999; Mawhinney and Back 2002; Mawhinney et al. 

2003).  It is becoming more and more popular recently, not only because of 

the phasing out of the Halogen system, but another attractive point is its 

non-toxic, easy-reaching extinguishment media and wide applications 

nowadays.  Many experiments reported in the literature indicate that most 

of the time, the system is effective in suppressing and extinguishing fires 

(Pepi 1995; Peip and Arvidson 1997; Liu et al. 1999; Back et al. 2000).  

 

As defined in NFPA 750 Standard on Water Mist Fire Protection Systems 

2000 Edition (National Fire Protection Association 2000), water mist is:  

 

�A water spray for which the Dv0.99, for the flow-weighted cumulative 

volumetric distribution of water droplets, is less than 1,000 microns at the 

minimum design operating pressure of the water mist nozzle.�  

 

A much smaller amount of water is discharged to avoid flooding of the 

protected area.  The extinguishing mechanisms and system characteristics 

have been studied for many years (Braidech et al. 1955; Rasbash et al.1960).  

The primary extinguishing mechanisms of the WMFSS were identified to be 

by evaporation, oxygen depletion and radiation attenuation (Braidech et al. 
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1955).  As the latent heat of water is more than 2,500J/g, discharging water 

droplets of a size smaller than 1mm could extract the heat from the flame, 

smoke and ambient environment through evaporation rapidly and effectively 

(Cote et al. 1997).  When a water droplet absorbs heat, it expands 

1,700-fold.  The steam produced by water droplets causes oxygen 

depletion near the fire.  For a fire, especially a compartment fire, radiation 

is one of the major heat transfer modes.  Water mist absorbs the high 

energy, short wave-length radiation wave which is fed back into the fire 

thereby emitting the low energy, long wave-length radiation wave to reduce 

the pyrolysis process.  There are also two secondary mechanisms of the 

WMFSS including vapour/air dilution and the kinetic effects.  The mixture 

of the combustible vapour and the air is diluted by the water vapour from 

the WMFSS and by the entrained air.  The large momentum water droplets 

carried bring kinetic effects near the flame (Mawhinney et al. 1994). 

 

In general, the WMFSS can be classified into three types based on the 

operating pressure: the low pressure WMFSS, intermediate pressure 

WMFSS and high pressure WMFSS.  The low pressure WMFSS operates 

below 12.1bar; the intermediate pressure WMFSS operates between 12.1bar 

and 34.5bar and the high pressure WMFSS operates at higher than 34.5bar 

(National Fire Protection Association 2000).  There are three applications 

of the WMFSS: total-flooding application, local application and portable 

application, the third of which is unusual (Mawhinney and Back 2002).  

The WMFSS is commonly used in fixed premises like plant rooms and 

machinery spaces in sea vessels or ferries.   



3 

However, in some cases, the system may not work properly.  The small 

droplets bring some problems so that the performance of the system is 

affected by the ventilation conditions, fire location and geometry of the 

protected room.  The ventilation might result in the loss of water mist and 

reduce the �concentration� of the mist inside the room.  The fire near the 

wall, in the room corners and shields around the fire make difficulties for 

the WMFSS.  The size of the room also affects the performance of the 

system.  For example, controlling fires in an open space with adequate air 

supply is different from that in an enclosed space with limited air (Rasbash 

et al. 1960).  The case-dependent characteristics and no universal design 

guide have made the WMFSS not widely used as a sprinkler.   

 

To deal with the case-dependent characteristic of the WMFSS, standard fire 

tests on system characteristics are adopted by large international 

organizations, like the National Fire Protection Association (NFPA), instead 

of using the general design guide like that for the sprinkler system in the 

system design process.  Four international authorities were recommended 

by the NFPA to carry out the standard fire tests (National Fire Protection 

Association 2000): the International Maritime Organization (IMO) 

(International Maritime Organization 1995), the Factory Mutual Research 

Cooperation (FMRC) (Factory Mutual Research Corporation 2005), the 

Underwriters� Laboratory (UL) (Underwriters Laboratories Inc. 2004) and 

the Verband der Schadenversichen e.V. (VDS) (Verband der 

Schadenversichen eV 1996).  Four sets of standard tests have different 

application scenarios and acceptance criteria on the performance of the 
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WMFSS.  For example, for the shipboard machinery space, IMO, UL and 

FMRC use different types of fuel and fire load arrangements to simulate fire 

scenarios.  IMO and UL 2167 both require tested fires to be extinguished 

without re-ignition but FMRC has more detailed requirements for different 

sizes of machinery room.  Especially for a room larger than 260m3, the 

requirement is less stringent than for a smaller room and only requires 

suppression of the fire for some test fires.  Therefore, once one standard 

fire test is committed for testing the performance of the WMFSS, all system 

components and performance of the WMFSS under a full-scale fire should 

be carried out following the requirements and acceptance criteria stated in 

the specified protocols. 

 

Many experiments have been carried out for different premises in the past 

including machinery spaces, aircraft, telecommunications, electronic 

cabinets, turbine hoods, hydroelectric generators, wet benches, computer 

cabinets, ship cabins, power transformer rooms, underground train carriages, 

flammable liquid storerooms, residential buildings and so on.  Different 

types of WMFSS have been tested to study the impact of operation pressure, 

flow rate and atomizing methods on system performance (Back et al. 1998).  

The effects of the room size, the ratio of the opening to the room volume 

and the ventilation rate have also been studied (Pepi and Arvidson 1997).  

Different fire size, fuel type and fire location have been tested to find out the 

�capability� of the WMFSS.  For example, in 1996 Back conducted a 

series of tests and found that larger fires, high flash point fires, unobstructed 

fires and un-ventilated fires are easier to extinguish than small size, low 
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flash point, shield and well-ventilated fires.  For aircraft application, big 

organizations like the Civil Aviation Authority (CAA) have conducted some 

full-scale tests on military planes like the Trident Two airplane (Whitfield 

1988) and found that the WMFSS can reduce the fire damage by controlling 

the temperature and then preventing the �flashover� in the cabin.  In 1993, 

Wighus et al. conducted experiments on a simulated turbine hood mock-up 

(Wighus 1993) and found that with sufficient concentration of water mist 

provided in the testing hood, fires can be extinguished within 10 seconds.  

In 1992, Cousin (Cousin 1992) did some experiments in a simulated 

computer cabinet and found that the WMFSS can reduce the room 

temperature and control Class A fires in confined rooms without 

obstructions.  There were some experiments carried out by Bills et al. in 

simulated large living rooms, bedrooms and kitchens in a home, modern 

condominium or apartment with a corridor (Bill et al. 2005).  It was found 

that the WMFSS had equivalent fire fighting capacity to the typical 

residential sprinkler but a lower water requirement.  
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Chapter 2: Objectives 

 

 

2.1 Introduction 

 

The WMFSS is an advanced technology with a long history.  Compared to 

other fire extinguishing systems like sprinkler systems, carbon dioxide 

systems or inert gas systems that are all thought to have good performance 

in putting out fires, the WMFSS has its own strong points (Back 1995).  

Compared to the sprinkler system, it is obvious that the WMFSS could used 

to extinguish liquid fires and even electrical fires (Mawhinney and Taber 

1996; Mawhinney et al. 1997).  Therefore, it is widely used in machinery 

rooms, generation rooms, ferries and turbine rooms (Pepi and Arvidson 

1997).  Compared to the carbon dioxide and inert gas systems, water mist 

does not lead to an environmental impact.  

 

 

2.2 Limitations of the development of WMFSS 

 

Even though the WMFSS has many advantages in the extinguishing of fire, 

the system has some problems and limitations.  The performance of the 

system under different fire scenarios is under studied.  For example, under 

different ventilation conditions, the performance varies greatly.  For some 

types of fuel, like for solid fuel like PMMA, the extinguishing time could be 

very long to prevent re-ignition. Therefore, how to apply the WMFSS on a 
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solid fuel fire needs further study.  The WMFSS has attracted increasing 

attentions since the phasing out of Halon in 1987, but the system is not as 

popular as the sprinkler system.  One of the reasons is that unlike sprinkler 

system, the WMFSS does not have the design and testing guidelines which 

are generally adopting around the world.  Up till now, the National Fire 

Prevention Associated drafted a guidebook on the WMFSS and it points out 

that during the design stage of WMFSS, standard fire tests should be carried 

out to verify the performance of system.  By conducting these standard fire 

tests are time and cost consuming.  Lack of �simply� design guidebook is a 

big drawback and creates blocks to apply the WMFSS widely. 

 

The problems and limitations as well as the shortcomings mentioned above 

exist in water mist development history.  All these problems have 

stimulated and raised more research interest in the WMFSS.  In order to 

reveal the underlying facts, full-scale fire testing of different types of fires 

with various operating methods is needed.  The conceptual analysis could 

also provide information on the design and testing of the WMFSS.  Studies 

on the water mist nozzles were conducted and the results can be used for 

developing a new type of water mist nozzle, especially for a low pressure, 

low-cost and highly reliable type.  Improving the performance of the 

nozzle could increase the effectiveness of the whole system greatly. 
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2.3 Objectives of the study 

 

The main purpose of this thesis is a better understanding of the WMFSS 

under different fire scenarios and room geometries.  Works on a basic 

performance review, water mist nozzle study, full-scale fire testing and 

theoretical analysis are carried out.  

 

The objectives of this thesis include:  

 

! Review the extinguishing mechanisms of water mist systems. 

! Review the existing codes and standard fire tests on the WMFSS.  

 

! Study the characteristics of the water spray including the particle size 

and spray shape at different operating pressures.  

 

! Study the design of the water mist nozzle based on both the generation 

principles aspect and discharge spray characteristics aspect.  

 

! Study the effect of the ventilation conditions in a room on the 

performance of the WMFSS on the selected liquid fires including water 

distribution, room temperature and extinguishing time.  

 

! Study the effect of the WMFSS on the selected fires including 

temperature, heat release rate and the extinguishing time.  
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! Study the relationship between the heat release rate of fires, change of 

room temperature and extinguishing time. 

 

! Compare the experimental results with the existing correlation model. 

 

All studies will accelerate the development of applying the WMFSS upon 

successful completion of the study.  The study revealed the real 

performance for applying the WMFSS with different room and fire 

conditions.  The experimental results were used to verify the existing 

theories and concepts of the WMFSS.  Due to the varying performance of 

the WMFSS, the boundary condition is a very important issue when 

applying the system.  The study will lead to a better understanding when 

and under which conditions; the system has optimum performance for 

extinguishing time.  After studying the working principle of the water mist 

nozzle, the study built a base for further developing a new type of water 

mist nozzle.  
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Chapter 3: Literature Review of the Water Mist 

Fire Suppression System 

 

 

Summary 

 

The water mist fire suppression system (WMFSS) was first developed in the 

early 1950s. It had not become popular until the use of Halon was banned.  

In the past 15 years, water mist technology has been improving continuously.  

The improvements are based on the many studies by means of experiments, 

theoretical and numerical models by different fire research authorities, 

organizations and research groups.  In order to have a better understanding 

of the past studies and make a clear plan in the future, a comprehensive 

review of the work done before and findings concerning the WMFSS needs 

to be carried out.  Therefore, in this chapter, a literature study of the 

mechanisms of the WMFSS, the system applications, the studies conducted 

by different research organizations around the world, the standards and 

testing protocols.  Such review will help to give a clearer picture of what 

has been done in relation to the WMFSS.   
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3.1 Introduction 

 

Water mist was introduced as early as the 1950s.  In 1955, a basic 

description of how the water mist fire suppression system (WMFSS) 

extinguishes fire had already been provided by Braidech and Rasbash 

(Braidech et al. 1995;, Mawhinney. and Taber, 1996).  The water mist 

method has received renewed attention from researchers and industry again 

since last decade because of the phasing out of the total flooding system 

with halon-based agents (Liu et al. 2001).  Compared to other 

halon-alternatives like Halocarbons, inert gas generators and fine particulate 

aerosols, the WMFSS has a wide range of applications including Class B 

spray and pool fires with no toxicity to the environment (Halons Technical 

Options Committee 1997).   

 

 

3.2 Extinguishing mechanisms and principles 

 

As defined in the NFPA, water mist means very fine water droplets 99% of 

which are smaller than 1.0mm (National Fire Protection Association 2000).  

Therefore, one of the main mechanisms of the WMFSS is heat extraction 

because the gas-phase cooling and fuel surface cooling are significant (Cote 

et al. 1997).  As the latent heat of the water is more than 2,500J/g 

(http://www.usatoday.com./weather/wlatent1.htm), the fine water droplets 

extract heat from the flame and smoke layer effectively.  When the heat 

loss of the fire is greater than the heat gain from the flame, the fire size is 
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reduced and results in the extinguishing of the fire.  The heat extraction q1 

due to conduction, convection and radiation from the fire can be expressed 

(e.g. Halons Technical Options Committee 1997) in terms of the 

temperature difference ∆T, (where ∆T=TA-TW), heat transfer coefficient U 

and total surface area of the water droplets.   

)(1 WA TTUAq −=           �            (3.1) 

where TA is the temperature of room air, TW refers to the temperature of 

water droplet.  

 

With enough discharging momentum, the heat transfer coefficient may be 

maximized.  As the diameter of the water droplets from the WMFSS is 

very small, the total area A is also increased.  The heat extraction due to 

water droplet evaporation q2 can be expressed in terms of weight of water W, 

specific heat of water Cpw, specific heat of steam Cps, latent heat of 

vaporization of water and temperature differences ∆t1, (where∆T1 = TB - TL, 

TB refers to temperature of water boiling point, TL refers to the temperature 

of liquid) and∆T2, (where∆T2 = TS - TB, Ts refers to the temperature of 

steam).   

))()((2 BSpsLBpw TTCLTTCWq −++−=      �     (3.2) 

Oxygen displacement is another primary extinguishment mechanism.  

When water absorbs heat, it expands 1700-fold.  The water vapour 

displaces the oxygen near the fire source and therefore, the fire is 

extinguished by oxygen starving.  The last, but not the least primary 

extinguishing mechanism is the blocking of radiant heat.  For compartment 

fire, radiation is a major heat transfer mode.  The fine water droplets 
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absorb high energy, short wave-length waves and emit low energy, long 

wave-length waves.  By this principle, the water droplets block the heat fed 

back to the fire source in the form of radiation.  

 

There are two secondary mechanisms of the WMFSS which also play a role 

in extinguishing fire. One is vapour/air dilution and the other is kinetic 

effects.  The mixture of the combustible vapour and air is diluted by the 

water vapour from the WMFSS and by the entrained air until it goes below 

the low flammable limit.  Applying the WMFSS reduces the flame velocity 

and stops the fire growing.  But in the contrast, it also accelerates 

combustion because it creates more turbulence inside the flame (Mawhinney 

et al. 1994). 

 

The WMFSS has many advantages including an easy to reach extinguishing 

medium, it is non-toxic, has no adverse environmental impact, less quantity 

of water is required and less water damage is caused to the protected 

premises.  The system can be applied in machinery rooms, ships, aircraft, 

gas turbine rooms, diesel engine rooms, telecommunication rooms, wet 

benches and so on.  However, in some cases, the system might not perform 

properly.  Many factors like ventilation conditions, fire sizes, type of fuels 

and so on affect the performance of the WMFSS.  Therefore, in order to 

widely apply the WMFSS to different premises, the characteristics of the 

WMFSS should be studied in great detail.  In the literature, many 

experiments which simulate different fire challenges have been conducted to 

obtain first-hand accurate information.  In this chapter, a brief summary of 
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the study of the performance of the WMFSS is presented.  

 

 

3.3 Different applications of the WMFSS 

 

In the last decade, many experimental studies were carried out on the 

WMFSS.  In some cases, the WMFSS was working as a total flooding 

system and in other cases the WMFSS was working as a local protection 

system.   

 

3.3.1 Total-flooding system applications 

 

When applying the WMFSS as a total and zone flooding system, the 

installation of the water mist nozzle is similar to the conventional sprinkler 

system which is evenly distributed over the protected premises.  The 

WMFSS performs well in dealing with fires without obstacles (Liu et al. 

2001).  The total-flooding WMFSS can be divided into three types 

according to the system operation pressure (OP) and the classification of the 

WMFSS is shown in Table 3.1 (Back et al. 2000). 

 

The total-flooding WMFSS has good extinguishing performance in dealing 

with big fires.  Some studies showed that the low pressure WMFSS was 

very effective to extinguish big fires with an extinguishing time of less than 

60s (Pepi 1998).  Even under mechanical ventilation conditions, the 

WMFSS can extinguish fires successfully (Liu et al. 2001).  In most cases, 
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the fire size and room temperature can be controlled dramatically by the 

WMFSS.   

 

Room geometry affects the performance of the total-flooding WMFSS.  

For example, the extinguishing time increased with increasing volume of the 

compartment when the intermediate pressure WMFSS discharges to 

flammable liquid fires (Pepi and Arvidson 1997).  The study found that the 

rate of change in extinguishing time is highly correlated with the rate of 

change of compartment volume.   

 

Fuel characteristics affect the performance of the total-flooding WMFSS.  

Some studies showed that for high pressure spray fires, the high velocity of 

the fuel leads to a high turbulence level in the flame.  The extinguishing 

time is more than 4 minutes when the intermediate pressure WMFSS is 

applied to fire (Pepi 1998).  When dealing with Class A wood fires, the 

extinguishing time is longer than 8 minutes for the intermediate pressure 

WMFSS (Pepi 1998).  For liquid tray fires, the extinguishing time is 

around 10 minutes (Pepi 1998).   

 

The ventilation condition in the compartment also affects the performance 

of the total-flooding WMFSS.  Some experimental studies indicated that in 

the case of non-ventilation, the extinguishing time decreases with the size of 

the fire when applying the high pressure WMFSS (Liu et al. 2001).  Under 

natural ventilation conditions, the high pressure WMFSS cannot extinguish 

small fires and shielded fires completely (Liu et al. 2001).  Under 
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mechanical ventilation, the performance of the high pressure WMFSS is 

affected dramatically.  For example, it needs more than 8 minutes to 

extinguish a spray fire and no extinguishment is achieved for a liquid pool 

fire (Liu et al. 2001).  Mechanical ventilation extracts fine water droplets 

away from the compartment, reducing the concentration of water mist and 

thus affects the effectiveness of the WMFSS.   

 

3.3.2 Local applications 

 

As described in NFPA 750, the locally applied WMFSS can be used under 

enclosed, un-enclosed and open outdoor conditions.  The system is applied 

to protect single objects or a single hazard with a discharged mist around 

them completely (National Fire Protection Association 2000).  One of the 

important differences between local application and total-flooding 

application is that the system is activated automatically.  

 

Gas-phase cooling is a major extinguishing mechanism for WMFSS local 

application (Mawhinney, J.R. and Back 2002).  For fire in an un-enclosed 

or open area which is well ventilated, in addition to surface cooling, local 

oxygen depletion should be achieved with a sufficient application rate of 

water (Wigus 1995).  The heat produced by the fire can be extracted by 

water mist absorption which then extinguishes the fire.  Therefore, the term 

spray heat absorption ratio (SHAR) was proposed to determine the 

minimum water application rate to extinguish a fire (Wigus 1995).  The 

SHAR is the ratio of heat absorption by water to heat production from a fire.  
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With different mean droplet diameters of the water mist, different water 

application rates should be provided to extract enough heat from a fire, i.e. 

the minimum SHAR or the WMFSS becomes in-effective in extinguishing 

fire.  Normally, the extinguishing time for local application cases is very 

short and is in the order of seconds.  Some experimental results show that 

with a SHAR value of 0.3, a well-ventilated 1MW propane gas fire in an 

open space can be extinguished with a downward installed water mist 

nozzle (Wigus 1995).  

 

Commonly, the water mist nozzle is installed downward.  But in some 

cases, the protected object has variable shapes and blocks water mist from 

reaching the fire.  Adjusting the installation angle of the nozzle or 

installing the nozzle upward could help to deal with obstacles to have better 

extinguishing performance.  

 

3.3.3 Portable extinguisher 

 

In addition to the system applications, the concept of the water mist has also 

been extended to the portable extinguisher.  From the literature, it is known 

that low flash point liquid fire is difficult to extinguish (Mawhinney et al. 

1994) because the fuel temperature cannot be lowered to the ideal level and 

the lower flammable limit cannot be reached.  Cooking oil fire is another 

type of fire that needs to be overcome as the oil temperature is so high that 

re-ignition is likely.   
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The portable water mist extinguisher has been proved to be a good solution 

for these two problems (Liu et al. 2001).  After a series of experiments, for 

cooking oil fire, it was shown that the fire could be extinguished within 10 

seconds.  Although there was a sudden flare-up, no fire ball or splashed 

burning oil was observed.  For the low flash point fire, like n-heptane fire, 

the water mist extinguisher can control the fire size successfully.  For Class 

A fires, the performance of the extinguisher is also acceptable with an 

extinguishing time shorter than 90 seconds and no flare-up is observed.  

 

 

3.4 Review of studies conducted by different research organizations 

 

In the literature, multifarious assumptions and attempts on the application of 

the WMFSS have appeared.  Many international big fire research 

organizations have their specified objects for study including: 

! Civil Aviation Authority (CAA) 

! National Institute of Standard and Technology (BFRL) 

! National Research Council Canada (NRCC) 

! US Coast Guard (USCG) 

! Naval Research Laboratory (NRL) 

! Swedish National Testing and Research Institution (SP) 
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3.4.1 Civil Aviation Authority (CAA) 

 

In the early 90s, following the dramatic development of aviation, the 

international aviation organizations like the CAA did a series of experiments 

on water mist systems.  The major danger of fire for an aeroplane might be 

the high temperature, toxic fumes and smoke.  The major fuel sources are 

the fuel tank for the aeroplane or the luggage cargo.  A fire ignited outside 

the cabin can penetrate into the cabin to affect the safety of the passengers.  

After installing a water mist system, it is hoped that the time for fire to 

penetrate the aeroplane�s body into the cabin can be increased, the time for 

building up of toxic gases can be delayed and the passenger evacuation rates 

can be improved by reducing the temperature in the cabin and increasing 

visibility.  Many experiments were conducted on real-scale aeroplanes like 

the Boeing 707 and Trident aircraft.  It was found that by applying the 

water mist system, the fire damage in the cabin was greatly reduced and for 

the protected area, the temperature never exceeds 70oC compared to 1,400oC 

in the un-protected burning area.  The visibility for evacuation was also 

increased by inhibiting the spread of the smoke of the toxic gas around the 

cabin (Whitfield et al. 1988).  Some descriptions of the aero plane 

experiments are summarized in Table 3.2 (Whitfield et al. 1988; Hill et al. 

1991; Cousin 1992). These full-scale experiments were time and money 

consuming but have high value for the safety design of the cabins of aero 

planes. 
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Since the year 2000, fire experts have begun to move their focus from the 

cabin to the cargo because several accidents have happened in the cargo.  

For example, in August 2004, an accident occurred in the FX15 cargo flight 

which departed from Tokyo to Beijing.  In addition to accidental fires, the 

possibility of arson or even terrorist attack is getting higher and higher in the 

current world situation.  Recently, some experts have tried to apply the 

twin-fluid type water mist systems in the cargo hold of aeroplanes 

(Reinhardt 2002; Brooks 2004).  It was found that after installing these 

systems, the oxygen concentration inside the cargo was reduced by around 

10% at which level most combustible fuel cannot continue to burn.  Also, 

it was found that combining the water mist system and the inert gas system 

had very satisfactory results in fire extinguishment.  Whether this concept 

could be applied successfully to other water mist system applications needs 

more in-depth studies. 

 

3.4.2 National Institute of Standard and Technology (BFRL) 

 

Water mist systems have been studied extensively at NIST.  There were 

three major research areas, namely the relationship between a water mist 

system and flames (with or without additives), the water mist capabilities in 

penetrating through openings/obstructions (both by experiments and 

models), and the numerical work on the transporting process of the water 

mist system (e.g. Chelliah et al. 2001; Putorti et al. 1995).  
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! Relationship between the water mist system and flames 

 

Many studies on the relationship between the water mist system and flames 

with some additives like NaCl, KOH, NaHCO, CoCl2, NiCl2 and NaOH 

solutions have been conducted by Lazzarini, Chelliah and coworkers 

(Lazzarini 2000; Chelliah et al. 2001; McDonnell et al. 2002; Chelliah and 

Lazzarini 2002).  The reason for studying this issue was to combine the 

thermal fire suppression ability of the water mist system with the chemical 

inhibition of some chemical elements to thereby increase the extinguishing 

capability of the water mist greatly.  Some findings are reported in the 

literature.  In the open fire condition, due to the lack of enclosure effect, 

the heat extraction capacity for the water mist system becomes more 

important. Adding some transition metals like CoCl2 and NiCl2, the 

performance of the water mist system could be improved (McDonnell et al. 

2002).  For example, using pure water, 180g water is needed to extinguish 

an open-space fire.  After adding these transition metals to the water mist 

system, only 130g medium is needed for the same type and size fire and 

around 38% reduction is achieved for the water requirement.  It was also 

found that adding NaCl could have a similar effect to the CoCl2 and NiCl2 

solutions in extinguishing low strain-rate diffusion flames.  Therefore, it 

might not be cost-effective to use these metals solutions in practice.  Some 

metal salts, like NaOH, KOH and NaCl, can inhibit both premixed flame 

and non-premixed flame.  After experimental studies, it was found that 

there is an upper agent limit for these chemical components (Lazzarini 2000; 

Chelliah and Lazzarini 2002).  Exceeding the upper limit cannot add extra 
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effectiveness for the water mist system in reducing the flow strain rates for 

flames. But when below the upper limit, the chemical solution KOH is 

around 2 times more effective than NaOH on a molar basis.  The NaCl 

performed with superior effectiveness over the NAOH solution in 

extinguishing the fire.  Therefore, the effective ranking for these metal salts 

might be arranged in the order KOH, NaCl and then NaOH.  Generally, the 

inhibition by the water mist system with additives of premixed flames 

indicates a relatively lower effectiveness than that of non-premixed flames 

(Chelliah et al. 2001).  This is mainly due to the flow field involved in the 

two flames.  One of the very important things that should be pointed out is 

that the laboratory-scale results with chemical components might have 

deviations from the real practical application and need attention when being 

applied.  

 

! Capabilities of the water mist system to penetrate through openings 

 

For the water mist system, obstructions might pose problems in delivering 

the water droplets, for instance, when applying the water mist to suppress 

fire inside an equipment hood.  Therefore, one needs to understand the 

behaviour and subsequent condition of the mist droplets when they are 

penetrating into a small compartment.  This phenomenon of water mist 

intercepting and penetrating through the openings of the hood into the 

compartment was studied by Yao and Hung (1996, 1998).  Experiments by 

using horizontal wires were carried out firstly which was a simple scenario 

for obstruction (Hung and Yao 1996; Yao and Hung 1998).  It was found 
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that the controlling parameter of the impacting phenomenon was the droplet 

Weber number, the offset of droplets relative to the wire and the ratio of the 

incoming droplet diameter to the wire diameter.  When one mist droplet 

impacted a single horizontal wire, it splashed and warped the wire.  The 

accumulation of the water formed a large elongated fragment.  Finally, the 

fragment detached from the wire and dropped off downward vertically.  

After that, more detailed experiments were performed on some more 

complex structures (Yao and Hung 1998).  The results showed that some 

water droplets pass through the openings without hitting the screen.  For 

those droplets which impacted the screen directly, the transfer methods for 

different meshes were different.  For the coarse screens, the major 

mechanisms for transfer were disintegration and dripping.  The wires were 

made wet by forming thin liquid lumps and these water lumps accumulated 

until dripping drops were produced on the bottom side of the wire.  But for 

fine screens, the transfer method was only dripping.  Water permeated 

through the mesh and formed ligaments at the bottom of the screen.  When 

the ligaments grew big enough, they overcame the surface tension effect and 

dripped off from the surface.  Finally, to complete the whole research, a 

numerical model was developed to investigate the transport of droplets with 

the gaseous streams around the objects with complex geometry in 

isothermal conditions (Hung and Yao 1996).  The model worked out by 

Yao and Hung provided the visualization of the droplet distribution and 

deposition patterns on the surface successfully.   
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! Practical application 

 

In addition to the pure theoretical studies, some practical application 

research was also carried out by NIST including a mist nozzle study, 

microgravity study and computer cabinet case study and so on.  When 

studying the nozzle, both droplet size and velocity were measured at 29 

points radiating outwards from the nozzle (Putorti et al. 1995).  The tested 

low pressure, high momentum water mist nozzle was designed to be used in 

residential and low hazard premises.  In order to apply the water mist 

system in the space shuttle to suppress the propagating propane-air 

premixed flames in the future, the working performance of the water mist 

system in a microgravity environment was also studied experimentally 

(Abbud-Madrid 2004).  In the microgravity condition, a very important 

factor for the water mist system, i.e. buoyant forces, were absent.  The 

suppression capabilities of the system were fully utilized.  The extremely 

low burning velocities allowed a more complete vaporization of water mist 

due to the increasing time of droplets at the flame front.  For the computer 

cabinet case, the studies tried to apply the water mist system in premises 

which contained data processing equipment, like computers and servers 

(Grosshandler 1994).  The major fuels were PMMA circuit boards and it 

was found that the water mist system successfully extinguished the fire 

within 60 seconds.  To protect underground diesel fuel storage, droplet size, 

pressure and flow rate, nozzle type, fire location and fire size were the 

studied parameters (Smith and Lazzara 1994).  It was found that the 

optimum droplet size for the underground diesel fires is between 200µm and 
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400µm.  When the mist droplet diameter falls to this region, the 

performance of the system is independent of all other studied parameters, 

even including fire size.   

 

3.4.3 National Research Council Canada (NRCC) 

 

! Water mist system under ventilation conditions 

 

Normally, when operating the gaseous protection system, the ventilation 

inside the compartment should be shut down in order to meet the 

concentration requirement of the extinguishing medium.  The water mist 

system extinguishes the fire in a way that is between the gaseous system and 

water-based system.  Whether ventilation conditions affect the 

performance of the water mist system was studied by NRCC (Liu et al. 1998; 

2001).  Some full scale experiments including pool fires, spray fires and 

wood fires used to simulate the fire loading inside the machinery space were 

carried out with three ventilation scenarios, i.e. no ventilation, natural 

ventilation and mechanical ventilation.  It was found that the effectiveness 

of the water mist system does not only depend on the ventilation rates, but is 

also related to the fire characteristics, room geometry and which type of 

water mist system is used.  On the whole, even with ventilation, the water 

mist system can control fire quickly.  For the natural ventilation case, most 

fires except ones near a doorway can be extinguished effectively.  A high 

pressure water mist system which produces high momentum mist droplets 

can extinguish all fires including those near a doorway.  However, under 
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forced ventilation, due to the loss of a great amount of water mist droplets, 

the extinguishing capacity of the system is reduced greatly.  Meanwhile, 

fresh air supplied to fire sources helps them to burn more efficiently and 

thus increases the difficulty to suppress fire.  Finally, it is recommended 

that when applying a water mist system, mechanical ventilation should be 

avoided.   

 

! Continuous and cyclic discharge for the water mist system 

 

Cyclic discharge methods are where the system is turned on for a short 

period, followed by a short period with the system turned off, and this cycle 

is repeated until it reaches the operation goal (Koroluk 1998; Liu et al. 1999; 

Liu and Kim 1999; Kim and Liu 2002).  This method is used for fire 

extinguishment by the water mist system in gas turbine enclosures.  Using 

this method could avoid rapid cooling damaging the turbine components.  

Reducing water damage is another benefit of this method.  In order to 

further study the extinguishing performance of the water mist system by 

cyclic discharge methods, some experiments were conducted (Liu et al. 

1999).  It was found that in addition to the benefits mentioned above, this 

method can improve the extinguishing performance of the water mist as 

well.  Especially for some challenging fire scenarios like shielded fires or 

ventilated fires, the advantages of the cyclic discharge mode are more 

obvious.  The possible explanations are that the cyclic discharge creates 

strong recurrent dynamic mixing in the compartment which helps the water 

mist droplets to reach the fire.  After the experiments, it was found that 
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using this method could produce more water vapour and combustion 

products to dilute the oxygen and fuel vapour.  These two mechanisms 

work together and help water mist systems to suppress fire.   

 

! Cooking fire and portable extinguisher of water mist 

 

A very large and quickly growing fire can form in industrial oil cookers if 

the oil is over-heated to the self-igniting temperature.  After studying this, 

it was concluded by the NRCC that the water mist is quite effective in 

extinguishing cooking fires with only a short time flare-up phenomenon 

(Liu 1999; Liu and Kim 1999; 2000; 2003; Liu et al. 2004).  The 

extinguishing performance is dependent on the system chosen.  The 

cooling time of the oil is based on its quantity.  After discharging the water 

mist, the oil temperature could be reduced from 360oC to around 300oC and 

extinguish the fire within several seconds.  No burning droplets of oil are 

dispersed outside the fryer due to water mist discharging.  This is possibly 

because fine water droplets do not have enough momentum to splash oil and 

they evaporate quickly when they reach hot oil.  However, if the water mist 

system is switched off when the fire seems to have died down, the cooking 

oil re-ignites in most cases because the composition of oil is changed after 

the free-burn and fire-suppression and results in re-ignition even though the 

oil temperature is lower than the oil auto-ignition point.  In addition to 

being used as the fixed system, the water mist portable extinguisher also has 

good performance on fires (Liu et al. 2001; 2003).  It was found that this 

type of extinguisher could deal with Class A fires, like wood and paper, 
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Class B fire, Class C fire and Class K fire successfully.  For solid fuel fire, 

the critical issue is the proper mist application method.  If the water mist is 

just randomly applied, it wastes a lot of water spray lost in the upward fire 

plume and does not come into contact with the flame.  For Class K fires, 

portable water mist extinguishers show the same effectiveness as fixed 

systems when the whole oil surface is covered by the water mist.   

 

! Other applications 

 

Wide applications of the water mist in different premises and in different 

forms were studied by the NRCC: for example, protecting the electronic 

equipment industry, extinguishing liquid fire by local application, as a 

substitution for the gas protection system as the total flooding system and 

adding some chemical additives like foam to make use of both the physical 

heat extraction capacity of water and the chemical inhibition of the chemical 

component (Kim 1999; 2001; Liu and Kim 1996; 1998; 2000; 2001; 2002; 

Liu et al. 2001). 

 

3.4.4 US Coast Guard (USCG) 

 

The US Coast Guard puts lots of effort into the application of water mist 

systems in different sizes of machinery spaces with both total flooding 

application and local application (Back et a. 1999; 2000).  They did a 

series of full-scale tests to find out the performance of the water mist system 

according to the standards from the International Maritime Organization 



29 

(IMO).  Some of the experiments verified the standard and made some 

recommendations and some of them extrapolated from the standards stated 

to a wider range of application.  For example, some experiments were 

conducted in 100m3 machinery spaces with combustible boundaries which 

cope with the requirements of the IMO test protocol (Back et al. 1999).  

Based on the experimental results, they recommended that some 

requirements could be lower but still achieve the same fire protection level 

for the category of machinery rooms smaller than 100m3.  The detailed 

leveling down of the requirements needs to be worked out based on the size 

to volume ratio of the protected area and the ventilation conditions in the 

space.  Another study from the USCG also mentioned the criteria of size to 

volume ratio for the protected area (Back et al. 2000).  The IMO test 

protocol limited the application volume up to 500m3 and there was a need to 

check whether the protocol could be applied to large machinery spaces, say 

about 3,000m3.  The conclusion from the experiments showed that it is 

impossible to extinguish a fire relying on the water mist system when 

protecting such a big space following the IMO test protocol.   

 

For small fires, direct cooling is the major extinguishment mechanism of the 

water mist system.  But for obstructed fire, oxygen depletion might be 

more important as direct cooling by mist is difficult.  For fires extinguished 

mainly by oxygen depletion, there might be a function of fire size to 

compartment volume ratio with extinguishing time.  They made an 

assumption that the extinguishing time would become infinite, i.e. the water 

mist loses all its extinguishing performance when the size of fire is reduced 
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to a critical value.  This critical value is related to the ventilation conditions 

inside the compartment.  This assumption might reveal some truth among 

the extinguishing performance of the water mist system, fire size and 

ventilation condition.  Up till now, it is still the assumption.  Whether any 

other factors like water mist system type chosen or the type of fuel affect the 

extinguishing performance, needs further study.  For the local application, 

it was found the system was quite good at extinguishing the liquid fire with 

enough mist concentration and providing uniform mist around the protected 

object (Back et al. 1999).  But to deal with obstructed fire, the local 

application showed poor performance although it could extract the heat 

produced by the fire by around 30% to 70%.  Many other studies on the 

water mist system have also been conducted and it has been worked out that 

the capabilities of the water mist system might not only be associated with 

single parameters.  The combined effect of different parameters dominates 

and affects the performance of the system(Back et al. 1998; 2000).   

 

3.4.5 Naval Research Laboratory (NRL) 

 

Great amounts of studies have been carried out in the Naval Research 

laboratory and Navy Technology Center for Safety and Survivability 

(Williams 1999; Leonard and back 1996; Darwin et al. 1996; Li et al. 1998; 

Ananth et al. 1999),  There were some studies on the application of water 

mist systems on Naval ships (Williams 1999; Leonard and back 1996; 

Darwin et al. 1996) and there were also some basic theory studies of the 

water mist system acting on different types of flames as well as some 
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studies on numerical modelling work (Li et al. 1998; Ananth et al. 1999).  

The purposes of using water mist systems on the Navy�s ships were slightly 

different from others like in computer rooms or transformer rooms.  The 

NRL mainly focused on the damage control in the ships through different 

methods because the Navy�s ships deal with battles and require a high 

degree of �survivability� to remain more battle capable.  The �survivability� 

refers to the capability of the system to be used immediately to suppress the 

fire after a blast event.  Controlling the fire and confining the fire to the 

compartment of origin for an extended period is the main target of the water 

mist system.  The ship crews are responsible to extinguish the remaining 

small fires.  In addition to the full-scale experiments to test whether the 

water mist system can suppress and confine fire, the performance of water 

mist systems on gas jet diffusion flames and liquid pool fires were also 

studied through the numerical models.  A further understanding of the 

physical processes between the water mist and the diffusion of flames was 

obtained and some effects like droplet diameter and mist injection angle 

were quantified (Li et al. 1998).  Although modelling work gave some 

results as to the relationship between system parameters and the 

performance of the system, experimental studies are needed to verify the 

results.   

 

3.4.6 Swedish National Testing and Research Institution (SP) 

 

In recent years, many studies on water mist system use in different premises 

like residential buildings, cargo spaces and ro-ro space on board ship, 
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machinery spaces and luxury cabins were conducted by the SP (Arvidson 

and Larsson 2001; Arvidson and Torstensson 2002; Arvidson 2003; 

Arvidson and Hertzberg 2003; Hertzberg 2004).  For residential 

application, both residential sprinklers and high-pressure water mist systems 

were evaluated (Arvidson and Larsson 2001).  After the experiments, it 

was shown that when using the water mist system, great amounts of fresh air 

is drawn into the fire which makes it burn with more turbulence.  In the 

tests, two types of wall lining materials were chosen including particle 

boards and gypsum boards.  It was found that the type of wall lining used 

had a significant impact on the severity of the fire.  Therefore, high wall 

wetting was desirable for the water mist system in order to suppress fire 

successfully.  The experiments showed that both sprinkler system and 

water mist system can control the fire.  The sprinkler system needs more 

water while the water mist system increases the fire size sometimes.  

Therefore, it is very difficult to judge which system is better for dealing with 

residential fires and careful choices should be made depending on the fire 

scenarios.  Studies by SP also indicated that the IMO standards might not 

be adequate for some fire cases (Arvidson and Hertzberg 2003).  For 

example, for luxury cabins, it is suggested that the acceptance criteria of 

IMO Resolution A.800 (19) might not be suitable for some temperature 

measuring points (Arvidson and Hertzberg 2003).  The acceptance criteria 

for the ceiling material temperature might not be sufficient to show the real 

severity of a fire.  Some specifications of the position of the thermocouples 

might not be very accurate and allow a fire to become very severe but the 

measuring temperature is still within the acceptance criteria.  Therefore, 
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applying the IMO Resolution A.800 (19) to luxury cabins should be 

considered carefully.   

 

In order to offer an alternative for the carbon dioxide systems, the water 

mist systems were studied for cargo spaces on board ships (Arvidson and 

Torstensson 2002).  It was shown that water mist could be used for almost 

all types of cargo except bulk cargo like corn, wood chip and the ones which 

might produce hazardous or toxic products when they come into contact 

with water.  This study increased the application opportunity of the water 

mist system in premises which usually use the carbon dioxide system.   

 

 

3.5 Standards and design protocols on the WMFSS 

 

In different premises, the WMFSS has different applications.  The system 

is very sensitive to the fire scenario.  Therefore, the performance 

assessment of the WMFSS in different scenarios should be carried out 

separately, especially for the worst cases.  In the past, many studies have 

been conducted on different applications.  This section identifies some 

major fire hazards in different places as well as reviewing the experiments 

carried out before in relation to these fire hazards.  
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3.5.1 Fire hazard identification 

 

The water mist system could be used in marine applications, machinery 

rooms, aeroplanes, gas turbine rooms, diesel engine rooms, computer 

centres and so on.  Before describing the standards for different premises 

for the water mist system, the fire hazards to be considered in the particular 

premises should be identified first. 

 

! Machinery rooms 

 
The fuel constantly present in the machinery space is in the form of diesel 

and oil (Gameiro and Girard 1993).  The fuel could be released from 

breaks or leaks in the high-pressure fuel lines, fuel tanks, fuel transfer pump 

gaskets and flanges or lubrication oil spills.  There are three possible fire 

scenarios.  

 

" Fuel ignited immediately after release which produces a spray fire. 

" Fuel is not ignited immediately and accumulates. A combination of 

spray fire and pool fire might occur. 

" The fuel leaks from a tank or low-pressure fuel filter which cannot 

form a spray might accumulate and cause a pool fire.  

 

The heat source is from a hot metal surface of the engine and oxygen is 

provided by mechanical ventilation.  As diesel fuel has quite a low flash 

point of only around 60oC, it is very easy for a fire to occur if fuel is 

supplied. 



35 

! Compartmentalized gas turbines/diesel engines 

 

Compartmentalized gas turbines and diesel engines are quite normally seen 

in many industrial premises for power generation.  The fire hazard 

associated with the turbine compartments and diesel engines is due to the 

fuel and lubrication systems.  If there is leakage from the fuel and 

lubrication system, the flammable liquid might come into contact with the 

surface of generation or engines which have a temperature well above the 

self-ignition point of the flammable liquid.  It would result in a fire.  

Therefore, the most probable fire hazards for compartmentalized gas 

turbines and diesel engines are Class B liquid fires.  There are three kinds 

of fire scenarios as follows:  

 

" Pool of fuel leaks onto the equipment surface and/or onto the floor of 

the enclosure.  

" Fuel is sprayed due to a rupture of pressurized pipes. 

" Material soaked in fuel is ignited to produce both Class A and Class B 

fires.  

" Wet benches in the semiconductor industry 

 

Wet benches are places which provide a working surface area, 

compartments and plenums to facilitate the fabrication of semiconductor 

chips (Wu et al. 1997).  The primary source of ignition is electrical or 

related to heating equipment, for example, the heated baths on the surface 

area and the heating elements.  These fires are often centred on 
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polypropylene.  The fire issues concerned with clean room fire hazards are 

materials� flammability.  Class A fires are commonly seen in this kind of 

premises.  

 

! Aircraft cabins 

 

Most aircraft crash fires are almost always initiated by the ignition of spilled 

jet fuel.  The explosion leads to holes in the body of the aircraft (Hill et al. 

1991).  The wind increases the fire�s spreading rate and fire size.  The 

cargo hold is another location where fire is likely to occur.  Class A and 

Class B fires are normally seen in aircraft fires.  

! Telecommunication fires/electronic cabinets 

 

Telecommunication switch gear bays are composed of vertically mounted, 

parallel printed circuit boards (PCBS) (Simpson and Smith 1993).  

Normally, the switch gear bays are powered up, so the fire belongs to Class 

C fires.  

 

! Marine/public transportation 

 

In marine or public transportation, fire might happen in two locations.  One 

is in machinery rooms as have been defined before while the other is 

passenger rooms which provide beds or chairs.  For passenger areas, Class 

A fires are the common fire hazard. 
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! Flammable liquid storeroom 

 

Flammable liquid storerooms belong to high hazard premises due to the 

high fuel loading.  The major potential fire scenario is the Class B fire 

which involves flammable liquids in the containers as well as a variety of 

spill type fire scenarios.  Other possible fire scenarios are Class A threats 

associated with flammable liquid storerooms, i.e. tarps, rags, trash cans and 

so on.  

 

3.5.2 Reviews of the standard tests and protocols 

 

The generally accepted design guide for the WMFSS is NFPA 750 (National 

Fire Protection Association 2000).  Requirements for system components 

and design procedures are included.  The WMFSS provided in the market 

has diversified designs and have their own system characteristics.  In the 

design stage, to ensure that the system can perform as expected in real fire 

scenarios, designs are required to follow standard tests on system 

components and the integrated system performance which was developed by 

four recommended authorities.  In those design protocols, fire scenarios, 

testing procedures and acceptance criteria were provided to evaluate system 

components and system performance with different fire hazards, 

compartment geometries and performance objectives (National Fire 

Protection Association 2000).  

 

Each design protocol has specified acceptance criteria for fire scenarios or 
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premises and a requirement on the WMFSS, like the number, the location of 

the water mist nozzles and the activation method.  Many experiments 

reported in the literature were carried out by following theses design 

protocols.  Common design protocols are: 

 

! IMO MSc 668 

 

This design protocol was developed by the International Maritime 

Organization in 1995. Acceptance criteria for the performance of tested 

systems are (International Maritime Organization 1995) listed below.  

 

- For total flooding application, there should be no re-ignition or fire 

spreading after discharging all the water mist.  

 

- For local application systems, the extinguishing time is required to be 

within 5 minutes.  No re-ignition after discharging of the water mist is 

allowed.  

 

! UL2167 

 

There are 9 sets of subentries standing for 9 different premises 

(Underwriters Laboratories Inc. 2004).  These premises are shipboard 

machinery space, shipboard passenger cabins larger/smaller than 12m2, 

shipboard light/ordinary hazard areas of public spaces, residential area, low 

hazard area and ordinary hazard group I/II.  Acceptance criteria have been 



39 

set for these premises.  For some premises, the fire must be extinguished 

completely without re-ignition.  But for some other premises, controlling 

the fire is good enough to prevent the total damage of tested targets.  

Acceptance criteria for different premises are summarized in Table 3.3 

(Underwriters Laboratories Inc. 2004).  

 

! FMRC Approval Standard Class no. 5560 

 

The protocol from the Factory Mutual was drafted in the latter 90s and 

covers low hazard occupancies, machinery spaces, gas turbine rooms and 

wet bench application (National Fire Protection Association 2000).  A 

completed version of the design protocol was distributed and amended in 

2004 (Factory Mutual Research Corporation 2005).  A summary of the 

acceptance criteria for different premises is shown in Table 3.4 (Factory 

Mutual Research Corporation 2005).  In addition to having a requirement 

for fire extinguishment and suppression, the protocol also includes the 

criteria for the damage to the target fuel, maximum ceiling temperature and 

maximum gas temperature in some scenarios.   

 

! Verband der Schadenversichen e.V. (VDS 2498) 

 

As cited in NFPA (National Fire Protection Association 2000), this approval 

standard was developed in 1996 by Verband der Schadenversichen e.V. in 

Germany (Verband der Schadenversichen eV 1996).  It includes fine spray 

nozzles for cable conduits and fine spray nozzles for engine test cells.   
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Although these four design protocols were all recognized by the NFPA, they 

have different judgments on the performance of the WMFSS even for the 

same premises.  For example, the shipboard machinery space was included 

by IMO MSc 668, UL 2167 and FM Class no. 5560 due to the wide 

application of the WMFSS on vessels.  But different types of fuel and fire 

load arrangements are used to simulate fire scenarios.  IMO MSc 668 

chooses commercial fuel oil, light diesel oil, heptane and lubrication oil as 

the tested combustible fuel because they are expected to be used in the 

premises.  But in UL 2167, liquid diesel oil, lubrication oil and hydraulic 

oil are chosen for the tests.  Nevertheless, both of them required that tested 

fires must be extinguished without re-ignition.  For FMRC class 5560, the 

premise was further divided into three categories for machinery rooms 

smaller than 80m3, between 80m3 and 260 m3, and larger than 260m3.  For 

a machinery room which is smaller than 80m3 diesel and heptane is chosen 

as the testing fuel and all tested fires are required to be extinguished.  But 

for machinery rooms larger than 260m3 with special hazards, not only liquid 

fuel but also solid fuel like a wooden crib are chosen to simulate the fire 

scenario.  It is required that diesel spray fire, flowing heptane fire and 

wooden crib fire must be extinguished but diesel pool fire and heptane pool 

fires can be only suppressed.   

 

In low hazard premises, UL 2176 and FMRC class 5560 also set up different 

fire scenarios and acceptance criteria.   
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3.5.3 Other organizations 

 

In addition to the mentioned four design protocols, there are some other 

standards and design guidelines of the WMFSS in different countries.  The 

Australian Standard was the AS 4587 standard created in 1999 with the title 

of �Water Mist Fire Protection Systems - System Design, Installation and 

Commissioning� (Australian Standard 1999).  The British Standard EN 

14972 was drafted in 2004 with the title of �Fixed Firefighting Systems, 

Water Mist Systems, Design and Installation� (British Standard 2004).  

 

During the design stage, once one standard on the WMFSS is chosen, all 

system components tests and full-scale fire tests carried out should follow 

the requirements and acceptance criteria specified in the chosen protocol. 

 

 

3.6 Conclusion 

 

The WMFSS is an effective and safe fire protection system.  Some 

international authorities, organizations and research groups have paid much 

attention to the system and carried out many studies both experimentally 

and theoretically.  After more than a decade of study, the performance of 

the WMFSS in certain scenarios has been accepted widely, like the fact that 

the WMFSS can extinguish large unobstructed liquid fires but not small and 

shielded fires.  The WMFSS can control fires in most scenarios and reduce 

the heat release rate of fires.  Recently, engineers and designers began to 
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apply the WMFSS in different premises like historical buildings and 

museums.   



43 

Chapter 4: General Methodology 

 

 

Summary 

 

In this chapter, the general methodologies adopted for the research study are 

described including the theoretical studies and experimental studies. The 

correlation models used are summarized in this chapter and the best fitting 

multiple correlation analysis is established. The full-scale testing procedures 

and corresponding equipment used are also presented. The functions and 

characteristics of the temperature measure equipment and thermocouples are 

also described.  

 

 

4.1 Introduction 

 

Both theoretical and experimental studies were conducted to reveal the 

characteristics of the WMFSS in different scenarios.  The correlation 

relationships among variable factors with the extinguishing times were 

developed based on the experimental data collected from the literature.  A 

set of full-scale burning experiments were carried out to collect the data on 

the heat release rate of fire, temperature and oxygen concentration in the 

room and the extinguishing performance of the WMFSS.  The general 

methodology adopted in the study was as follows:  
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! Collection of the experimental data from the literature on the WMFSS 

! Correlation of different factors with the extinguishing time for the 

WMFSS 

! Design the full-scale burning tests carried out in Lanxi, Harbin, China.  

! Experimental data treatment and analysis. 

! Compare the experimental data with the correlation relationship 

developed from the literature 

 

 

4.2 Theoretical approach 

 

The correlation models were compiled from the experimental data collected 

from the literature including the heat release rate of the fire, extinguishing 

time, room temperature change and characteristics of the WMFSS.  

 

The developed correlation models based on the collected data have come 

from the experiments carried out by different researchers and organizations.  

A best fitting multiple correlation analysis is established from the valid data 

sets of the collected data such that the final model is of the following form: 

 **
11 ... kk XbXbaY +++=          �           (4.1) 

 

where Y is the extinguishing time under different fire scenarios and 

,,..., **
1 kXX are the heat release rate and temperature difference in the 

model.  
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4.3 Experimental approach 

 

To reveal the characteristics of the WMFSS, both theoretical and 

experimental methodologies were adopted in the study.  

 

A total number of 11 sets of full-scale burning tests were proposed to be 

conducted in the room calorimeter in Lanxi, Harbin, Heilongjiang, China in 

summer 2005.  

 

The key points for the experiments were to: 

 

1. Verify the effect of the cycling discharging mode on the gas temperature, 

oxygen volume concentration and extinguishing time. 

2. Verify the fire size, i.e. the heat release rate with extinguishing time 

under water mist. 

3. Verify the effect of pre-burn time on extinguishing time.  

 

In the experiments, two modes were also considered. 

 

4.3.1 Continuous discharging 

 

The continuous discharging mode means that after discharging water mist, 

the system continuously operates until the fire is extinguished (successful 

scenario) or the fire dies down itself (failed scenario).   
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4.3.2 Cycling discharging 

 

The cycling discharging mode means the water mist system operating for 

30s which is called the �on� state and then switching off for a certain period 

of time called the �off� state.  The �on� and �off� state cycles repeat until the 

fire is extinguished (successful scenario) or it dies down by itself (failed 

scenario). 

 

The ratio of the time for the �off� state to the time for the �on� state ψ is 

defined as: 

stateonfortime
stateofffortime

''
''

=ψ    �   (4.1) 

The cycling discharging mode does not only lead to less water damage but 

also improves the performance of the WMFSS.  During the �on� state, the 

water mist is discharged and converts into vapour.  After switching off the 

system, i.e. in the �off� state, the fire might recover and gas temperature 

increase.  So when the WMFSS discharges again, more vapour could be 

formed to dilute the oxygen to fuel mixing ratio (Kim and Liu 2002).   

 

It is known that the heat release rate is the most important single factor to 

describe the fire characteristics.  Different sizes of fire affect the 

performance of the system.  For a fixed compartment size, increasing the 

size of the fire will reduce the extinguishing time.   

 

Further, pre-burn time is another factor. The pre-burn time is defined as the 

time period after igniting a fire and before activating the water mist system.  
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The longer pre-burn time, the higher the room air temperature.  After 

discharging water mist, the oxygen depletion due to the fire and oxygen 

displacement due to the evaporation of water mist increases with the room 

air temperature (Back et al. 1996; Li and Chow 2004).  So a short 

extinguishing time may be achieved.  The effect of pre-burn time will be 

studied.  

 

The equipment used in the tests included a room calorimeter which is shown 

in Figure 4.1(a), 18 Chromel-alumel K-type thermocouples on three tress 

which are shown in Figure 4.1(b), low pressure single fluid impingement 

type water mist nozzle, gasoline, diesel and PMMA crib in a steel pan which 

is shown in Figure 4.2.  The whole of the experiments were recorded by 

video camera and four different sizes of pans were used to set up different 

sized liquid fires which are shown in Figure 4.3 and Figure 4.4.   

 

The information of the pan size and volume of fuel for the corresponding 

heat release rate and fire burning duration is as follows: 

# To set up a 0.25MW gasoline pool fire and maintain the fire for at least 

600s, the pan size should be 460mm in diameter and it needs to 

provide 7.6L gasoline. 

# To set up a 0.5MW gasoline pool fire and maintain the fire for at least 

600s, the pan size should be 600mm in diameter and it needs to 

provide 13.2L gasoline. 
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# To set up a 1MW gasoline pool fire and maintain the fire for at least 

600s, the pan size should be 810mm in diameter and it needs to 

provide 23L gasoline. 

# To set up a 0.5MW diesel pool fire and maintain the fire for at least 

600s, the pan size should be 660mm in diameter and it needs to 

provide 10L gasoline.  

 

For liquid pool fires with different heat release rates, the sizes of pans are 

different.  For a fixed fire size, the sizes of pans are also different when 

using different types of fuels.   

 

The data on oxygen concentration in the room, heat release rate of the fire, 

temperature in the room and extinguishing time were recorded in the 

experiments for analysis.  The detailed tests conditions are listed in Table 

4.1.   

 

 

4.4 Thermocouple 

 

Thermocouples are commonly used for measuring temperature in 

engineering applications and scientific study.  It is easy to use, cheap and 

can measure a wide range of temperature.  There are many types of 

thermocouples provided by manufactures.  A bare sensor has the shortest 

response time.  Sheathed thermocouples can resist a high temperature and 

corrosive environment.  The shielded thermocouple can minimize the 
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errors due to background radiation.  When using the thermocouple, five 

main errors including stem losses, radiation exchanges, kinetic energy 

dissipation, internal heating and surface temperature measuring should be 

paid attention to.  Selecting the proper thermocouple in different 

applications can make the performance good.   

 

4.4.1 Thermocouples used in the experimental studies 

 

The thermocouples used in the experimental studies were K-type with bare 

sensor.  But in the conducting experiments, the response time was not a 

very critical factor as they were using to measure the room temperature in 

the case of fire.  The errors during the temperature measurement included 

stem losses, radiation exchanges, kinetic energy dissipation, internal heating, 

measuring surface temperature and human errors. The limits of the error for 

K-type thermocouple is ±0.75% of the measured temperature (ASTM 470B 

1993)).  In the conducting experiments, after discharging WMFSS, the 

measured room air temperature was from 200oC to 500oC and the error for 

the thermocouple was around 1.5oC to 3.75oC. 

 

4.5 Conclusion  

 

The major methodologies adopted in this research study were theoretical 

studies through compiling data from the literature by using correlation 

modes and experimental studies including laboratory tests and full-scale 

room tests. The research study has been described including the theoretical 
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and experimental studies. The correlation models were used to compile the 

experimental data from the literature to find out the relationship between the 

heat release rate of fire, extinguishing time, room temperature change and 

characteristics of the WMFSS. For the experimental studies, both 

laboratory-scale and full scale tests were conducted to investigate the 

extinguishing performance of the WMFSS under different fire scenarios. As 

the experimental results from the full-scale burning tests are important for 

studying the WMFSS, a detailed description of the test procedure and 

equipment used has been presented.  
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Chapter 5: Brief Review of Design and Operation 

Principles for Nozzles Discharging Water Mist 

 

 

Summary 

 

For the WMFSS, the water mist nozzle is one of the most important parts to 

affect the extinguishing performance of the system. But very few articles 

appear in the literature on the design and operation principles of the nozzles 

though there must be some restricted reports for commercial products. In 

order to understand the operation performance of different types of water 

mist nozzle, a brief literature review of the nozzle is conducted and some 

experiences of nozzle design from industries are borrowed.  

 

It is observed that three common types of nozzle are widely applied: 

impinging type, pressure-jet type and twin-fluid air-atomizing type. 

Different type nozzles make use of different atomizing principles to 

discharge water mist and are applied in different areas. The impingement 

nozzles are found in submarines and ships. The high pressure jet nozzles are 

normally used in machinery rooms and gas turbine rooms. The twin-fluid 

nozzles can be applied in industrial buildings and workshops.  
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5.1 Introduction 

 

Following the increasing concern about ozone depletion, total flooding gas 

protection systems based on halon have been replaced since 1987 (Halons 

Technical Options Committee 1997).  New effective and clean fire 

extinguishing agents have been developed for protection of machinery 

rooms, electronic rooms, computer rooms and submarines. It is reported that 

the water mist fire suppression system (WMFSS) uses very small amounts 

of water to extinguish a fire. System components include water source, 

water pump, piping and nozzles. System performance depends on the design 

of these components.  

 

The nozzle is a key component as the droplet size and velocity distribution 

at a particular operating pressure and flow rate are determined by its design. 

A better understanding of the physical structure and working principles 

would help to improve the performance of the system. The main 

characteristics of the water mist nozzle are shown in the Figure 5.1.  

 

One of the main design objectives is to minimize the operating pressure and 

operating flow rate but still give a sufficient amount of fine droplets with 

adequate velocities. Input parameters include operating pressure which 

gives momentum to the water droplets. The higher the pressure, the bigger is 

the momentum of the water droplets. The operating flow rate gives 

sufficient water to suppress the fire, say by extracting heat and cooling 

down the environment. These two parameters, together with a good design 
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of nozzle generate water droplets. Droplet size and velocity depend on the 

generation methods. According to NFPA 750, Dv0.99 (i.e. 99% of the water 

droplets have a diameter less than this value) is smaller than 1,000µm 

(National Fire Protection Association 2000).  The system should give water 

droplets of a suitable size and velocity distribution, as fire suppression 

depends on these two distribution functions.  

 

 

5.2 Extinguishing mechanisms 

 

One major extinguishing mechanism of the water mist is cooling 

(Mawhinney 2003).  The temperature of the water droplets is increased to 

the vaporization point when the heat is transferred from the fire and 

environment. With continuously supplied heat, the water may be further 

heated to superheated status. As the latent heat of vaporization of water is 

very high, a large amount of heat can be extracted by evaporation. 

 

The amount of heat extracted depends on the water volume and droplet size. 

Finer water droplets extract more heat due to the bigger surface area with 

the same amount. In order to penetrate through the plume and flaming 

regions, the droplets must have sufficient momentum to travel from the 

spray nozzle to the flaming regions or the burning object by overcoming the 

fire-induced turbulent hot gas flow. These gas currents might carry fine 

water mist upwards or away from the fire. To fulfill these requirements, 

enough operational pressure and the flow rate should be considered 
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carefully in system design.  

 

 

5.3 Operation conditions 

 

Water mist systems can be classified as low pressure system, intermediate 

pressure system and high pressure system (National Fire Protection 

Association 2000).  The minimum working pressure for low pressure 

system is 12.1bar. For the intermediate pressure system, the operating 

pressure is between 12.1bar to 34.5bar and for the high pressure system, the 

working pressure is more than 34.5bar. 

 

The mass discharge flow rate m&  can be expressed as a function of water 

pressure Pw and the total area Ao of the orifice(s) (Cote et al. 1997) 

)(
.

tow APfm ×=            �           (5.1) 

When the water pressure at the orifice is kept constant, the mass discharge 

rate of the certain type of nozzle and system is also constant.  

 

The Spray Heat Absorption Ratio (SHAR) (Wigus 1995) is used in the 

design for extracting enough heat from the fire source with a minimum 

discharge rate. The SHAR is defined as the ratio of rate of heat absorbed by 

a given mass of water Qw to the rate of heat given off by the fire Qf:  

f

w

Q
Q

SHAR =            �            (5.2) 

The amount of water affects the gas-phase cooling procedure and hence fire 
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extinguishment. It was found that combustion cannot be sustained when the 

flame temperature is reduced to about 1,600K for diffusion flames. 

Radiation feedback is reduced when the temperature drops. The term SHAR 

can quantify the relationship between the amount of water and fire size. But 

practically, it is difficult to predict the efficiency of delivering the water mist 

into the flame. The term is also limited to using water as the extinguishing 

medium. 

 

A similar but more general term called the Required Extinguishing Medium 

Portion (REMP) was presented by Andersson (Li et al. 1998) for all the 

extinguishing mediums. The REMP is a ratio of mass application rate of 

extinguishing agent required, '
em  to the mass rate of fuel consumed, '

gm . 

'

'

g

e

m
m

REMP =             �            (5.3) 

The REMP suggests that the mass of applied extinguishing mediums have to 

match the largest expected mass burning rate of the fuel. The fire scenarios 

are taken into account as well. Even under the same fire size, the value of 

the REMP might be different for an enclosed fire or an open fire. Therefore, 

the REMP is more suitable for predicting the mass flow rate in designing 

water mist systems or for numerical simulation of the suppression process. 
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5.4 Principles of water jet breakup 

 

Fine water droplets can be generated by atomization which is defined as 

�the breaking down of a liquid into a fine mist which can be suspended in 

air (Oxford Advanced Learner�s English-Chinese Dictionary 1997).  A 

high ratio of surface to mass in the liquid-phase can be achieved to give high 

evaporation rates. Apart from some minor atomization methods like 

supersonic and subsonic vibration, mechanical vibration, high voltage 

electrical energy and others, there are four major methods to break up water 

by atomization (Marshall 1986):  

 

- Atomization by means of centrifugal or swirl-type pressure nozzle, such 

as the GW water mist (http://www.gwsprinkler.dk/default.jsp). 

- Atomization by pneumatic or gas stream, i.e. a jet of water is 

disintegrated by a high-velocity gas stream (twin-fluid atomization), 

such as the Fike protection system  

(http://www.fire-protection.com.au/water_mist.htm). 

- Atomization by impingement, such as the Grinnel Auqamist System  

(http://tyco-fireproducts.com/TFP_Products/display_Gempr.php?S=S8&

B=Gem). 

- Atomization by spinning-disk, i.e. the water droplet is broken up by 

discharging it at high velocity from the periphery of a rapidly rotating 

disk.  

 

The first three types of atomization methods are commonly used in water 
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mist nozzle design. Each method and the associated atomizing mechanisms 

are reviewed as follows.  

 

5.4.1 Centrifugal or swirl-type pressure nozzle 

 

Liquid turbulence and attenuation effects of the tangential velocity 

component of the liquid in a centrifugal or swirl-type nozzle lead to 

atomization.  The atomization conditions of the centrifugal type nozzle 

depend on the magnitude of the angular or swirling velocity of the water.  

After leaving the orifice, water forms an air cone that follows the axis of the 

jet when the discharging pressure reaches a certain value.  For different 

liquids with varying viscosities, the pressure setting is different.  For water 

with low viscosity, the threshold pressure is relatively low. Prior to the 

formation of the air cone, water discharging from the orifice more or less 

acts like a corkscrew because with its discharging pressure, the swirling or 

spinning velocity provided is not high enough to form an air cone.  It is 

also found that impacts due to tangential velocity components are stronger 

than that from axial components in breaking up the liquid (Marshall 1986). 

 

The working mechanisms of the nozzle under different pressures are 

different.  At lower pressure, the cone formed by the nozzle is similar to a 

film or a thin sheet and with the film extended outward from the nozzle.  

The droplets form when the film thickness cannot provide enough force to 

resist the disruptive forces created by the oscillating wave motions in the 

film (Marshall 1986).  Up to the present moment, the working mechanism 
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at high pressure is not yet understood.  The suggested explanation for 

breakup is due to the turbulence effects at the annular ring of water 

discharging from the nozzle. The water breaks up almost instantaneously at 

the orifice exit because of the randomly fluctuating velocities in all 

directions (Giffen & Massey 1950; Giffen & Massey 1951). 

 

5.4.2 Pneumatic type nozzle (Twin-fluid type nozzle) 

 

It is easier to form fine water droplets using the pneumatic type nozzle than 

others and so it is more convenient for smaller-scale premises.  However, 

this type of nozzle requires a large amount of energy to atomize water.  

There are two steps in the atomization process for the pneumatic type nozzle. 

The first step is that the fluid consumed (which can be water or a mixture of 

compressed air and water) emerges as small ligaments due to the potential 

energy of the liquid, i.e. the liquid pressure or mixture pressure along with 

the geometry of the nozzles.  The air friction tears the ligaments from the 

main flow of water.  The second step is that ligaments collapse and break 

up further into very small �pieces� as fine water droplets.  However, the 

ligaments can only last for a very short period, say, 1.67 x 10-4s in the case 

of a ligament of 2.65µm in diameter (Dai and Faeth 2001).  The detail for 

water droplet breakup in a pneumatic nozzle (Marshall 1986) is shown in 

Figure 5.3.  The jet instability and breakup of the water droplets might be 

due to rotating symmetrical oscillation as explained by some theories.  The 

critical wavelength of the oscillation λopt is taken to be equal to the length of 

ligament separating from the main liquid flow (Lund et al. 1993).  Two 
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different fluids will be used to generate water mist.  The geometry (Lund et 

al. 1993) of the pneumatic nozzle together with the mixture of water and 

compressed gas at the exit orifice is shown in Figure 5.4. 

 

5.4.3 Impingement type nozzle 

 

The mist generation mechanism for this type of nozzle is relatively simple. 

A high velocity water jet is discharged from the orifice and bumped into a 

solid target.  Sudden changes in momentum give the water energy 

attenuation and disintegration into fine droplets. 

 

The appearance and structure of the impingement nozzle are quite similar to 

a conventional sprinkler head.  The solid target might be ball shaped, plate 

shaped or some other special spiral shape.  Normally, there is a screen for 

filtering the impurities to prevent blocking of the orifice.  

 

5.4.4 Other generation methods 

 

Another generation method not so widely used is by flashing superheated 

water.  This method was developed by Brown and York (1962) based on 

the change of pressure and temperature. Superheated water at 175oC in an 

under-pressure container at 10bar is released into the atmosphere.  Part of 

the superheated water is flashed into the vapour and then condensed into fog. 

Much finer water droplets can be produced using this method than by any 

mechanical generation methods.  The sudden energy release leads to the 
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intense cooling of the spray.  Therefore, after travelling for about 30cm, the 

temperature of the water mist cannot be higher than 35oC, giving low 

evaporation rates.  Studies carried out (Keary and McGovern 1994; 

Mawhinney et al. 1995 and Mawhinney and Darwin 2000) concluded that 

ultra-fine water droplets may not be more effective than the normal water 

mist droplets in extinguishing the liquid pool fire.  

 

Other methods of atomization such as by mechanical vibration, supersonic 

or subsonic vibration and high-voltage electricity are not commonly used for 

water mist design.  These methods will not be described in detail in this 

chapter.  

 

A brief survey of the commercial product of water mist nozzles available in 

the market has been carried out.  Some of them are listed under the Factory 

Mutual Approval list.  Factory Mutual is a research and engineering entity 

owned and operated by some commercial insurance carriers with the goal of 

reducing the losses and claims of the insured.  The Approvals from this 

Corporation are accepted worldwide.  The details including the operating 

pressure, flow rate and K factor may be checked in the attached Table 5.1. 

 

 

5.5 Design of twin fluid water mist nozzle 

 

Special attention should be paid to designing the twin-fluid type nozzle as 

the mist generation mechanism is different from that of a single-fluid nozzle.  
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As the water and compressed air are mixed before discharging from the 

orifice, two parameters should be considered together.  In the past, the 

air-to-liquid pressure ratio (ALRp) and air-to-liquid mass flow rate ratio 

(ALRm) were defined to help work out the upper and lower limits for the 

air/water ratio for the nozzle (Mawhinney 2003). 

 

However, the ALRm ratios for the mixture are not very easy to be obtained 

as the mass of air or mass of liquid cannot be measured experimentally.  In 

order to simplify the problem, a series of experiments on air/water ratio was 

carried out by Koria and Datta (1992) to derive a relationship between mass 

flow rate of air in the presence of water and mass flow rate of air only: 

.
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 (Koria and Datta 1992) which can be physically measured.  

 

As the situation is quite complex when two fluids appear at the nozzle, the 

simplified concepts embraced are to measure the flow rate of a single-phase 

fluid which could create the same pressure droplets as that of the twin-fluid 
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All the parameters in equation (5.4) can be measured experimentally. After 

these mathematical deductions, the term can be used to help engineers 
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design and modify the twin-fluid nozzle easily.  The detailed mathematical 

derivation is shown in Appendix C. 

 

Recently, a twin-fluid nozzle was developed by Yang and Wang et al. (2002) 

by using an emulsifiable substance as the atomizing medium.  The 

operation principles are that when compressed air passes through the air 

atomizing orifice, the velocity of the air is further increased to a higher 

value.  Meanwhile, water under pressure passes through the water 

atomizing orifice and gains higher velocity.  When the high velocity water 

flow collides with high velocity air flow from the orifices, the water begins 

to be emulsified in the mixing chamber.  After emulsification, viscosity 

and surface tension of the water drops are decreased.  The characteristic of 

emulsifiable water is very unsteady and it is easy for the water to break up 

into smaller parts if there are disturbances.  The emulsifiable water inside 

the mixing chamber is still kept at a very high pressure.  Upon being 

discharged from the discharging orifices, it is broken up into the water mist 

with expected water droplet sizes.  

 

The twin-fluid type nozzle makes use of two different fluids to generate 

water mist.  There are challenges to design a new type of water mist nozzle 

by modifying the atomizing medium or the physical structure to reduce the 

operation pressure and flow rate.  
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5.6 Characteristics of the water spray 

 

The characteristics of the water spray can be described by many factors like 

droplet size distribution, flux density, spray momentum, additives, cone 

angle, velocity of the discharge jet, mass flow rate and so on (e.g. Cote et al. 

1997; Mawhinney 2003).  Among all of these, the droplet size distribution 

and velocity distribution function are the representative characteristics for 

the system.  

 

 

5.7 Droplet size distribution 

 

As pointed out by Sprakel (2000):  

 

�The droplet size distribution is the most important instrument that 

determines the extinguishing properties of a water mist system.� 

 

The droplet size distribution means the range of droplet sizes contained and 

measured at a specific location in a spray (Mawhinney 2003).  

Measurement of distribution should be carried out at the minimum and 

maximum rate pressure of the water mist nozzle.  The measurement points 

(National Fire Protection Association 2000) are located at the series of 

concentric rings with radii from 0.203D, 0.353D and 0.456D, where D 

stands for the nozzle spray pattern�s diameter.  Experimental data will be 

analyzed and conduct the curve fitting exercises.  
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5.7.1 Sampling techniques 

 

There are two major types of sampling techniques widely used.  One is 

called the spatial technique and the other is called the flux technique.  The 

spatial technique involves collecting the droplets which occupy a given 

volume instantaneously.  The flux technique measures the individual 

droplets passing through the cross-section of a sampling region in a certain 

time.  The flux technique and spatial technique can be transformed from 

each other through dividing the number of samples in each calls size by the 

average velocity of the droplets in that size class.  For fire research, the 

spatial sampling technique is more appropriate.  

 

5.7.2 Mathematical distribution functions 

 

Two droplet size distribution functions used in the industry are the 

Rosin-Rammler distribution function and the one proposed by ASTM 

Standard E799-92 (ASTME E799-92 1996).  The Rosin-Rammler 

distribution can be expressed as a function of distribution constant X , size 

constant N and diameter of the droplets D (Schick 1997): 

])(exp[1)( N

X
DDF −−=          �         (5.5) 

The Rosin-Rammler distribution is widely used for dealing with particle 

distribution. The parameters X  and D can be obtained from measurements 

given by the analyzers. The ASTM E 799-92 distribution is a function of 

mean droplet diameter Dpq and the ith drops diameter Di: 
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With different p and q values, the Dpq represents different physical meanings 

for the droplet diameter. From Table 5.2, the widely used mean drop 

diameters are listed (ASTME E799-92 1996; Sowa 1992). 

The ASTM E 799 is a guideline for measuring, analyzing and carrying out 

the curve fitting the droplet sizes.  To determine the optimum histogram 

bin size, the following expression by Freedom and Diaconis might be used 

(Izenman 1991): 

3/1)(2 −= NIQARW          �           (5.7) 

The optimum bin width W is a function of the Interquartile range (the 75th 

percentile minus the 25th percentile) IQAR and the number of available 

samples N.  The commercial companies provide some figures and analysis 

on the water droplet size distribution based on these two mathematical 

distribution functions like the examples in Figure 5.5 and Figure 5.6 

(http://tyco-fireproducts.com/TFP_Products/display_Gempr.php?S=S8&B=

Gem).  In addition, the spray cone angle also affects the droplet size 

distribution. The cone angles are usually 90o or 120o (Izenman, 1991). 

 

 

5.8 Velocity distribution f(v) 

 

The spray momentum affects the successful application of the water mist 

system. As the momentum is the product of mass and velocity, when the 

mass discharge rate is constant, the spray velocity mainly determines the 
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magnitude and direction of the spray momentum. 

 

As a vector quantity, the velocity distribution can be expressed as a function 

of the average vertical component of entrained air vv  and the velocity 

angle α: ( )α,vv vff =  (Mawhinney 2003).  The vertical component of the 

velocity is measured by using the vane-type anemometer which is placed at 

different locations at two certain distances below the nozzle.  The 

measurement includes both the velocity of water droplets and the entrained 

air in the surrounding environment.  In the case of fire, the directions of 

water droplets are opposite to the entrained air and might eliminate each 

other.  Therefore, the average velocity of the entrained air is used instead 

of that of the fastest moving droplets.  The velocity angle indicates the 

direction component of the spray. The control of the �directionality� of the 

spray is even more important than controlling the droplet size distribution or 

mass flow rate (Mawhinney 2003).  In some cases, a small modification of 

the velocity angle range can improve the extinguishing performance of the 

whole system dramatically.  

 

 

5.9 Application of the water mist nozzles 

 

Different nozzles with water mist generated by different methods have their 

own applications. 

 

The impingement nozzles are widely adopted to control solid fuel fire where 
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relatively large water droplet sizes are more effective.  They have bigger 

orifice diameters operating at relatively lower operating pressure to generate 

bigger droplets.  These types of nozzles show good performance when 

used in submarines, ships or residential buildings and their uses are quite 

similar to sprinkler systems (Liu and Kim 2000). 

 

The high pressure jet nozzles are usually used to extinguish Class B fire in 

machinery rooms or gas turbine rooms (Cote et.al. 1997; Liu and Kim 2000; 

Mawhinney 2002).  In some cases, they also appear in computer rooms or 

electronic rooms to protect the expensive equipment.  As high pressure is 

used to discharge the water mist, the droplets contain large momentum and 

can overcome the effect of the fire plume and indoor aerodynamics to reach 

the flame surface.  Therefore, for some rooms with special geometry and 

local application, they are a good choice.  However, for this type of nozzle, 

the equipment�s initial input and maintenance fee is a big burden for the 

users.  The safety problems should also be paid attention to as all the 

systems are under great pressure. 

 

The twin-fluid nozzles are most commonly used for industrial buildings.  

In industrial buildings, dust causes lots of problems especially for fire 

installations like water mist nozzles.  It is very easy for the nozzles to 

become blocked by the dust in the air as the orifices are very small.  The 

orifices for the twin-fluid nozzles are relatively big and therefore, using this 

type of nozzle can reduce the risk of blockage inside industrial buildings 

(Liu and Kim 2000).  The low pressure used is also safe and cheap. 
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Another outstanding point is its space saving characteristic.  It only 

requires two cylinders and a set of piping. For premises which cannot 

provide a large pump room, this system is a good choice.  The main 

disadvantage of this type of nozzle is the running cost as the system uses 

compressed air to pump the water and form the water mist.  After using it 

once, the compressed air should be replaced.  However, the twin-fluid 

nozzles only make use of low pressure to generate mists; the water droplets 

do not contain large momentum.  Therefore to some extent, the 

extinguishing capabilities of the system are not very good and the droplets 

are very easily affected by the ventilation conditions inside the 

compartment.  

 

 

5.10 Conclusion 

 

The nozzle is the most important part of the water mist system.  Firstly, the 

nozzle must operate reliably in the expected conditions.  Secondly, particle 

size and velocity distribution of the water mist discharge depends on the 

nozzle.  Therefore, the system performance depends on the nozzle selected 

to give a good distribution pattern as well as to optimize the extinguishing 

capabilities.  As there is not much information reported on water mist 

nozzles, it is difficult to understand how the water mist nozzle works and 

how fire extinguishment is affected.  For commercial products, there are no 

universal standards and design guides to direct the application of the nozzles. 

Even for the same premises and the same fire scenarios, different brands of 
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nozzles require different discharging flow rates and pressures.  For 

example, in protecting a 260m3 combustion turbine, machinery spaces and 

special hazard machinery spaces, the Fike protection system requires a 

21bar operation pressure and 8l/min flow rate 

(http://www.fire-protection.com.au/water_mist.htm) but the Securiplex 

system needs only 5.5bar (http://www.securiplex.com/eng/frameset.htm).  

Therefore, it leads to confusion for the users. With regard to water mist 

nozzle design, there is much room for further development, especially for 

low-cost, low-pressure and highly reliable nozzles.  
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Chapter 6: A Brief Note on the Experimental 
Studies on the Water Mist Fire Suppression System 
 

 

Summary 

 

Experimental studies on the water mist fire suppression system reported in 

the literature will be reviewed in this chapter. The heat release measured 

with and without discharging water mist is focused on. The objective is to 

investigate whether there are correlation relationships between the fire size 

and, peak temperature difference and the performance of the system 

characterized by parameters such as extinguishing time.  

 

It is observed that the extinguishing time is proportional to the heat release 

rate for the liquid fire which is consistent with the conceptual mathematical 

derivation. The steady state room air temperature after extinguishment also 

increases with the heat release rate. The peak temperature difference is 

directly proportional to the extinguishing time. 

 

 

6.1 Introduction 

 

Water mist fire suppression systems (WMFSS) are now popularly used in 

the Far East as an alternative to halon-based gas protection systems 

(Mawhinney and Back 2002).  In fact, water mist with mean diameters less 

than 0.3m was reported to extinguish diffusion flames in the 1960s 
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(Williams 1999; Mawhinney and Back 2002; Mawhinney 2003).  Primary 

extinguishing mechanisms of WMFSS were identified to be by evaporation, 

oxygen depletion and radiation attenuation (Braidech et al. 1955).  Much 

smaller amounts of water can be used but the performance of the WMFSS 

depends on the applications.  System performance varies greatly in 

different scenarios.  For example, controlling fires in an open space with 

adequate air supply is different from that in an enclosed space with limited 

air (Rasbash et al. 1960). 

 

Standard fire tests on system characteristics are adopted by large 

international organizations, like the National Fire Protection Association 

(NFPA), instead of using the general design guide like that for sprinkler 

systems in the system design process.  Four international authorities were 

recommended by NFPA to carry out the standard fire tests (National Fire 

Protection Association 2000): the International Maritime Organization 

(IMO), the Factory Mutual Research Cooperation (FMRC), the 

Underwriters� Laboratory (UL) and the Verband der Schadenversichen e.V. 

(VDS).   

 

Experimental results in the literature supported the fact that systems would 

perform satisfactorily under fire scenarios tested before with the same 

design.  As a result, the WMFSS was commonly used in fixed premises 

such as plant rooms, machinery spaces in sea vessels and ferries.  It was a 

challenge to design workable WMFSS in wider applications since some 

system characteristics are still unknown or are not fully understood under 
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many different applications.   

 

Although there have been numerous experiments with different system 

characteristics, scenario settings and scales were conducted before, very few 

empirical equations on the key parameters of the performance of WMFSS 

were compiled.  Some derived correlations from experimental results in the 

literature may be useful to give some physical insights.   

 

The extinguishing time is commonly used to describe system performance.  

The extinguishing time text is proposed in Figure 6.1 to be the time from 

operating the water mist system to the time when no flame is observed.  

The heat release rate, one of the most important factors to describe fire, is 

also included in the study.  

 

The peak temperature difference, ∆Tpeak, is also proposed in this chapter to 

compare the different sets of experimental data: 

 

 

! The peak temperature difference ∆Tpeak:  

 

This is the difference between the peak air temperature of the room for 

tests with fire only and another test with the same fire but discharging 

water mist.   

 

Deriving the correlation of extinguishing time with key information such as 
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heat release rate and peak temperature difference gives a better 

understanding of system performance.   

 

 

6.2 Review of experimental studies 

 

Different scales of experiments on WMFSS were carried out gradually since 

1988 and some of them are summarized in Table 6.1.  Transient results on 

different types of WMFSS acting in different fire scenarios were reported.  

In general, WMFSS can be classified as:  

 

- low pressure WMFSS with operation pressure below 12.1bar; 

 

- intermediate pressure system with operation pressure between 12.1bar 

and 34.5bar; and 

 

- high pressure system with operation pressure above 34.5bar. 

 

For easy comparison of the indoor air temperature and extinguishing time 

for different fire scenarios in experimental studies, the term temperature 

difference ∆T and extinguishing time difference ∆text
 are proposed.  ∆T 

refers to the difference between the indoor air temperature with and without 

a water mist system under fire and ∆text indicates the difference between 

extinguishing time in the two tests.   
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Both solid and liquid fires were used in the studies.  Premises included 

ships and submarines, aeroplanes, machinery rooms and others.  No 

ventilation, natural ventilation and forced ventilation were all tested.  Some 

experiments were full-scale regardless of the high time, cost and manpower.  

But these experimental results were very valuable because they simulated 

the real-scale fire scenarios.   

 

Due to several tragic air crash accidents reported in the late 1980s, a series 

of studies on WMFSS used on aeroplanes was conducted.  In 1985, an 

accident happened at Manchester International Airport which led to the 

deaths of fifty-four people (King 1988).  In 1989, the Kegworth crash 

happened at East Midland Airport in Britain and killed forty-seven people 

(ttp://www.parliament.the-stationery-office.co.uk/pa/cm199899/cmselect/cm

envtra/275/27510.htm).  Since these events, the need for improving fire 

safety in the aircraft cabin has become significant.  The Civil Aviation 

Authority (CAA), collaborating with the Federation Aviation Association 

(FAA) and Transport Canada (Mawhinney and Back 2002), carried out 

full-scale fire tests on the WMFSS developed by Safety Aircraft and 

Vehicles Equipment Ltd. (SAVE) in retired planes like the Boeing 707 and 

Trident Two Airplane (Whitfield et.al. 1988).  The main purpose of 

choosing a water mist system was to maximize the tenability while 

minimizing the weight-loading for the plane.  Test results showed that 

great improvements on safety in the passenger cabin were achieved by 

reducing the air temperature inside the cabin during the fire and that it 

delayed the time for fire to undergo flashover.   
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The characteristics of fire have impact on the performance of WMFSS 

including fire size, fuel type and fire location.  The fire size might be one 

factor that affects the effectiveness of the WMFSS, especially the 

extinguishing time.  For example, in 1998, it was found that by increasing 

the fire size from 1MW to 6MW, the extinguishing time was reduced by 

408s from 468s to 60s by Back (Back et al. 1988).  Fuel types, which 

determine the decomposition and combustion process, might also affect the 

performance of the system.  In 1996, test results showed that the 

extinguishing time was almost doubled for heptane fire than for diesel fire 

(Darwin et. al 1996).  The location of fire is another issue that should be 

considered carefully.  Some experimental results showed that when 

changing the fire elevation from 3m above the tested deck to 1m, the 

extinguishing time was reduced by 21s for a 1MW spray fire (Back et al. 

1999). 

 

In addition, the room geometry also affects the effectiveness of WMFSS, 

which includes the room size, ventilation condition and obstacles 

arrangement in the room.  In 1997, full-scale fire tests in different sized 

rooms were conducted by Pepi and Arvidson and it was found that when 

increasing the room volume from 500m3 to 1,200m3, i.e. around 2.4 times, 

the average extinguishing time increased 2.7 times which was in agreement 

with the room size to some extents (1997).  However, no conclusion can be 

drawn that these two factors have a directly proportional relationship 

without further detailed study.  Ventilation conditions in the compartment 

were also studied because the small water droplets were very easily affected 
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by the aerodynamics inside the room.  For example, it was found that for a 

certain size of fire, say 2MW (Williams 1999), the extinguishing time 

increased from 60s to 900s after introducing natural ventilation.  The 

obstacles arrangement of the room also needed to be considered.  These 

obstacles, such as walls, furniture or decorations might obstruct the delivery 

of water mist droplets to the fire source and then affect the effectiveness of 

the system.  In 1999, it was found that when the size of the obstacle was 

doubled from 0.5m to 1m in length, which blocked 1m from the fire, the 

extinguishing time was also doubled from 17s to 34s (Back et al. 1999).   

 

Besides the fire source and room geometry, the WMFSS should also be 

understood thoroughly.  System characteristics involve working pressure, 

spray angle and the system application method.  High working pressure 

provides large momentum to water mist droplets and could overcome the 

dragging force and air movement inside the room.  It was reported that 

when reducing the working pressure from 70bar to 24bar, the extinguishing 

time extended from 60s to 360s (Williams 1999).  Modifying the spray 

angle of the system can also improve performance in some fire scenarios.  

It was reported that to deal with a 1MW obstructed spray fire, with a 120o 

spray angle, the WMFSS can extinguish fire within 661s, but with a 60o and 

90o spray angle, no extinguishment could be achieved by Back (Wu et al. 

1997).  WMFSS can be applied as a total compartment system, zone 

application system and local application system (National Fire Protection 

Association 2000).  Each type of system has its applicable scenarios.  

Choosing the right application method could help the system to have better 
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performance.  In 2000, it was reported that for a 10MW ventilated fire, the 

zone application needed 420s to extinguish fire but for the case of total 

compartment application, it needed a 780s extinguishing time, which was 

almost double (Back et al. 2000).   

 

The full-scale fire tests were also conducted in some small spaces, (smaller 

than 50m3) and on low heat release rate fires, i.e. less than 1MW.  Most of 

them made use of the local application methods and studied factors which 

might affect the system performance (Wang 2002).   

 

 

6.3 Experimental results reported  

 

Among numerous experiments and test results in the literature, a total of 12 

sets of full-scale experiments with over 200 scenarios of data were selected 

in the study.  These are: 

! Seven sets of experiments carried out at the US Coast Guard Research 

and Development Center (USCG), following fire testing instructions 

from the Naval Research Laboratory (NRL) (Back et al. 1998, 1999, 

2000; Darwin et al. 1996).  Most of them were conducted in spaces 

similar to a machinery room.  Different types of water mist systems, 

fuels, fire sizes and ventilation conditions were tested.   

 

! Two sets of experiments were conducted in 1995 and 1997 following 

the International Maritime Organization�s (IMO) MSc 668 design 
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guide (Pepi 1995; Pepi and Arvidson 1997).  The testing chamber 

was larger than 500m3 with a 4m2 open area for natural ventilation 

provision.  A low pressure water mist system was tested.   

 

! Three sets of experiments were carried out in 1993 with liquid fires 

using propane, heptane and diesel (Arvidson 1993; Gameiro and 

Girard 1993; Wighus 1993).  The tested heat release rate varied from 

small fire below 0.01MW to big fire of 20MW.  

 

The key parameter text is selected to represent the performance of WMFSS 

and is expressed as a function of heat release rate Q and peak temperature 

difference Tpeak. 

),( peakext TQft =            �           (6.1) 

Available experimental data on text, Q and Tpeak were studied by both 

statistical analysis and mathematical derivation to find out the correlations. 

 

The studies contain 18 possible scenarios on three types of WMFSS.  

These are the high pressure system with working pressure exceeding 34.5bar, 

low pressure system with working pressure below 12.1bar and the 

intermediate pressure system with a working pressure in between.  Two 

conditions of no ventilation and under ventilation were investigated.  Three 

types of fires such as gas fire, liquid fire and solid fire were studied.  For 

statistical studies, scenarios with better fittings on data were chosen and 

presented in this chapter.   
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6.4 Extinguishing time text with heat release rate Q 

 

6.4.1 High pressure system 

 

The relationship between the extinguishing time text and the heat release rate 

Q for both non-ventilated and ventilated conditions with a high pressure 

WMFSS for liquid fires is shown in Figure 6.2.  Polynomial curves are 

fitted to show the relationship between the two factors.  

 

From the experimental results in the literature, various text were recorded for 

different heat release rates.  A 0.25MW interval on heat release rate was 

taken for ease of statistical compilation.  

 

For the case without ventilation, when Q increases to 4MW, text decreases 

from 2.5min to 1.2min.  When Q is between 4MW to 6MW, text remains at 

a low level at about 1.5min.  Above 6MW, text rises again to about 5min.  

The correlation equation for no ventilation case is also derived.  

7.256.005.0 2 +−= QQtext          �         (6.2) 

R squared, defined as the square of the correlation between the two values to 

be compared, is calculated to assess how good the fit is.  In this case, R 

squared equals 0.71 which shows an acceptable correlation between the two 

factors.  It indicates that for the high pressure WMFSS under no ventilation 

conditions; the system would extinguish a fire from 1.1min to 1.3min for 

4MW and 6MW, respectively. 
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For the cases with ventilation, there is also a polynomial correlation between 

the two factors as shown in Figure 6.2.  When the heat release rate 

increases to 3MW, text drops from 3.5min to 1min.  Between the heat 

release rates of 3MW to 5MW, text is maintained at a low level of 1min.  

But when Q is larger than 5MW, text increases steeply from 1min to more 

than 7min.  The correlation equation is also derived.  

1.32.116.0 2 +−= QQtext          �          (6.3) 

The R squared value in this case reaches 0.99 and shows a very good 

correlation.  Comparing the two cases, the changing rates of text are much 

faster in the ventilation case than that with no ventilation. 

 

6.4.2 Intermediate pressure system 

 

For the intermediate pressure water mist system, due to the lack of data on 

the no ventilation case, data on the ventilation condition is only summarized 

in Figure 6.3.  The fitted polynomial shows the same trend to that of the 

high pressure system.  For Q smaller than 3MW, text is about 3.2min.  

After 3MW, text begins to increase.  So the effective region of heat release 

rate in this case is between 1MW to 3MW.  The derived equation is as 

follows: 

3.337.006.0 2 +−= QQtext          �         (6.4) 

However, the R squared value is only 0.67.  The possible reason is that not 

enough data on intermediate pressure system is provided. 
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6.4.3 Low pressure system 

 

For the low pressure water mist system, there is sufficient data for the two 

ventilation conditions to draw the correlations shown in Figure 6.4.   

 

For the case with no ventilation, a polynomial is fitted with the minimum 

point of 5MW.  When Q is smaller than 4MW, text descends from more 

than 7min to 2min rapidly.  But when Q is larger than 6MW, text rises from 

2min to 6.5min.   

 

For the case with ventilation, the fitted curve has the same shape as that for 

the no ventilation case.  The turning point is also at 5MW.  But in this 

case, when Q is smaller than 5MW, text stays at a low value which is within 

5min.  When Q is larger than 7MW, text increases dramatically from 3min 

to more than 15min.  The two curves indicate that when the heat release 

rate of fire is around 5MW, the low pressure WMFSS can extinguish fires 

most effectively.  Two correlation equations for without and with 

ventilation conditions are shown respectively as follows: 

3.66.115.0 2 +−= QQtext          �         (6.5) 

1.439.0024.0 2 +−= QQtext         �         (6.6) 

The R squared values are 0.65 and 0.76.  The reason for the low values 

might be insufficient data provided for the large fire.   
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6.4.4 Summary 

 

After summarizing the three types of water mist systems and two ventilation 

conditions, all five fitting curves showed the polynomial relationship 

between extinguishing time text and heat release rate Q.  Therefore, a 

general polynomial is fitted by averaging these five curves and is shown in 

Figure 6.5.  A common equation was derived to relate extinguishing time 

text with heat release rate Q: 

89.227.0102.2 22 +−×= QQtext        �        (6.7) 

An R squared value of 0.72 was obtained, showing a good correlation 

between these two parameters.  Developing this empirical equation can 

help one to understand the approximate performance for different sizes of 

fire with water mist systems.  After summarizing the data, it might be 

concluded that there was a region of fire size which water mist systems 

could deal with most effectively.  Figure 6.5 shows that when the heat 

release rate is below 10MW, the extinguishing time could be within 10 

minutes. 

 

 

6.5 Extinguishing time text with peak temperature difference ∆Tpeak  

 

After discharging the water mist from the system, the small water droplets 

absorb the heat from the flame and environment, then evaporate in a very 

short time and extract large amounts of heat.  That is one of the major 

extinguishing mechanisms for WMFSS.  But when small water droplets 
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are heated up, some of them also decompose into H radical and O radical 

which might support combustion.  It resulted in the transient performance 

of WMFSS during water mist discharging.  �Flare up� of fire sometimes 

happens and the room temperature suddenly increases instead of decreasing.  

Therefore, the peak temperature difference ∆Tpeak has both positive and 

negative values.  There may be four possible conditions for temperature 

change inside a compartment.  They are: 

 

i) Peak temperature is much lower with WMFSS discharging than that 

under only fire: ∆Tpeak is positive; 

 

ii) Peak temperature is a little lower with WMFSS discharging than that 

under only fire: ∆Tpeak is positive; 

 

iii) Peak temperature is much higher with WMFSS discharging than that 

under only fire: ∆Tpeak is negative; and 

iv) Peak temperature is a little higher with WMFSS discharging than 

that under only fire: ∆Tpeak is negative. 

 

Figure 6.6 to Figure 6.10 summarize the relationships between 

extinguishing time and the peak temperature difference for high pressure, 

intermediate pressure and low pressure water mist under no ventilation 

conditions and ventilation conditions.  Data was further divided according 

to three fire size categories, i.e. 0.25MW, 0.5MW and 1MW.   
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With different types of WMFSS and for some sizes of fires, the data 

provided in the selected experiments was not enough to derive the 

correlation; therefore, only those that had enough data are presented in this 

chapter.  

 

6.5.1 High pressure system 

 

For high pressure WMFSS, 4 correlations were derived as 1MW fire and 

0.5MW fire with and without ventilation as shown in Figure 6.6.  Four 

curves show that text is directly proportional to ∆Tpeak.  When the peak 

temperature becomes higher, the extinguishing time becomes longer for the 

same fire size.  

 

For 1MW fires with and without ventilation, the ∆Tpeak shows negative 

values.  It indicates that although room temperature increases at the 

moment the water mist discharged, the extinguishing time with negative 

∆Tpeak is very short - in both cases, shorter than 1.5 minutes; this means that 

the WMFSS performs well even in a flare-up situation.  The correlation 

equations for under no ventilation and with ventilation are respectively: 

9.0109.2 3 +∆×= −
peakext Tt          �         (6.8) 

2.1101 3 +∆×= −
peakext Tt           �         (6.9) 

The R squared values for the two cases are 0.81 and 0.64 respectively. A 

possible reason for the low value of 0.64 might be insufficient data 

provided. 
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For 0.5MW fire with and without ventilation, two similar correlation curves 

are shown in the figure.  The slopes of the correlation curves are bigger 

than that of the 1MW fire.  The text increases from 0.5min at 400oC to 2min 

at 650oC for both cases.  The correlation equations for under no ventilation 

and with ventilation for 0.5MW fire are shown as follows: 

8.1107.5 3 −∆×= −
peakext Tt          �         (6.10) 

2.1101.4 3 −∆×= −
peakext Tt          �         (6.11) 

The R squared values for the two cases are 0.98 and 0.78 respectively which 

are acceptable.  

 

6.5.2 Intermediate pressure system 

 

As there was not enough data provided by the selected experiments in the 

literature, summaries on 0.5MW fire under no ventilation and 0.25MW fire 

with ventilation were not conducted.  Therefore, for intermediate pressure 

WMFSS, 4 correlations were derived for 1MW fire, 0.5MW fire and 

0.25MW fire with and without ventilation as shown in Figure 6.7.  The text 

also showed a directly proportional relationship to ∆Tpeak in this case.  The 

intermediate pressure WMFSS can extinguish all these three fires quite 

effectively, i.e. within 3.5 minutes.  

 

For 1MW fire under no ventilation, the correlation curve was quite flat.  

The text only increased from 2.4 minutes to 3 minutes when ∆Tpeak increased 

from -100oC to 700oC.  But for the case with ventilation, the slope of the 

correlation curve is much bigger.  Two correlation equations for under no 
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ventilation and with ventilation are: 

5.2107.0 3 +∆×= −
peakext Tt          �         (6.12) 

1.11062 3 −∆×= −
peakext Tt          �         (6.13) 

The R squared values are 0.91 and 0.7 respectively.  

 

For the 0.5MW fire with ventilation, the extinguishing time increased from 

0.1 minutes to 2.3 minutes when ∆Tpeak increased from 500oC to 800oC.  

For the 0.25MW fire under no ventilation, the extinguishing time increased 

from 0.1 minutes to 1.5 minutes when ∆Tpeak increased from 600oC to 700oC.  

The derived correlation equations for 0.5MW fire with ventilation with an R 

squared value of 0.7 is:  

3.4109.8 3 −∆×= −
peakext Tt          �        (6.14) 

The correlation equation for 0.25MW fire under no ventilation with an R 

squared value of 0.95 is: 

9.8105.15 3 −∆×= −
peakext Tt          �        (6.15) 

 

6.5.3 Low pressure system 

 

For the low pressure WMFSS, data under ventilation conditions with better 

fitting is shown in Figure 6.8.  As insufficient data was provided by the 

selected experiments, 2 correlations between text and ∆Tpeak were derived for 

1MW and 0.5MW fires.  Both were with ventilation.  Figure 8 shows that 

for the two cases, the ∆Tpeak is linearly proportional to text.  For the 0.5MW 

fire, when peak temperature increased from 670oC to 800oC, the 
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extinguishing time only raised from 0.5 minutes to 1.4 minutes.  The 

difference between the extinguishing times was very small.  The 1MW fire 

also had a similar situation.  The correlation equations for 1MW and 

0.5MW fire were derived respectively. 

5.2108.4 3 −∆×= −
peakext Tt         �          (6.16) 

3.1104.3 3 −∆×= −
peakext Tt         �          (6.17) 

The two R squared values derived from equations were 0.6 and 0.67 

respectively.  

 

6.5.4 Summary 

 

After summarizing the three types of water mist systems and two ventilation 

conditions, it was shown that the extinguishing time text is directly 

proportional to the peak temperature difference, ∆Tpeak.  Comparing 

high-pressure WMFSS and intermediate-pressure WMFSS, the experimental 

results from the selected tests showed that with the same ∆Tpeak, the 

low-pressure WMFSS had a shorter extinguishing time.  For example, for 

1MW fire, with ∆Tpeak of 700oC, the extinguishing time was 1 minutes for 

low-pressure WMFSS but 2 minutes for high-pressure and 3 minutes for 

intermediate-pressure WMFSS. 
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6.6 Simple analysis on extinguishing time and heat release rate 

 

After carrying out the correlation exercises on the experimental data for 

WMFSS between text and Q, mathematical analysis was conducted below to 

verify the correlation between the two factors.  After discharging water 

mist, it was assumed that the water mist, room air and fire mixed together 

and the fire compartment became one zone. 

 

In the study, before discharging the water mist, the fire was ignited for a 

certain period of time which is called the pre-burn time.  This pre-burn 

time can let fire combust more steadily and simulate the detection time in 

real fire cases.  During the pre-burn time, the internal heat is accumulated 

as: 

pbboudarylossfire tQQQ ×−= )( ,int
&&        �         (6.18) 

where Qint is the accumulated internal heat, boundarylossQ ,
&  is the heat loss rate 

through the boundary including wall and vent and the tpb is the pre-burn 

time. 

 

After discharging the water mist system, it takes time for the system to 

extract heat and extinguish the fire.  Therefore, the energy balance equation 

is: 

extboundarylosswmlossextfire tQQtQQ ×+=×+ )( ,,int
&&&     �    (6.19) 

where wmlossQ ,
&  is the heat extraction rate of the water mist system. 

After substituting equation (6.18), equation (6.19) becomes: 



89 

extboundarylosswmlossextfirepbboundarylossfire tQQtQtQQ ×+=×+×− )()( ,,,
&&&&&  � (6.2

0) 

extfireboundarylosswmlosspbboundarylossfire tQQQtQQ ×−+=×− )()( ,,,
&&&&&   �  (6.21) 

)(
)(

,,

,

fireboundarylosswmloss

pbboundarylossfire
ext QQQ

tQQ
t

&&&

&&

−+

×−
=         �       (6.22) 

 

It was assumed that boundarylossQ ,
& , wmlossQ ,

&  and tpb are constant.  For 

example, assuming the pre-burn time was 90 seconds, the heat loss rate 

through the boundary was 10W and heat extraction rate of water mist was 

2,000W, then the relationship between text and Qfire is shown in Figure 6.9.  

The reason for assuming the heat extraction rate of water mist is because the 

latent heat of water evaporation is around 2270 kJ/kg.  By assuming the 

operation flow rate of the water mist system is 0.01L/s and assume that 10%  

(Heather et.al. 2009; Lefebvre A. H. 1988) of the water mist droplet 

evaporate immediately when they is discharged, the heat extraction rate will 

be around 2.27 kW.  The comparison between the correlation of heat 

release rate and extinguishing time from the experimental data in the 

literature shown in Figure 6.5 and the correlation from the simple derivation 

shown in Figure 6.9 is presented in Figure 6.10.  The two curves show 

some discrepancies between each other.  The correlation from the 

experimental data showed that the extinguishing time decreased first by 

following the increase of heat release rate and then increased again when 

fire became bigger and bigger.  The correlation from the simple derivation 

showed that the extinguishing time increased when the fire size became 

bigger.  One of the possible reasons for the discrepancies might be due to 
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that the simple derived correlation assumes the evaporation cooling as the 

only extinguishing mechanisms of WMFSS when tackling the fire.  But in 

experiments, there were other extinguishing mechanisms such as oxygen 

diluting oxygen displacement, radiation attenuation and so on which might 

result in the deformation of the relation curve between text and Q when the 

heat release rate of fire is small.  

 

 

6.7 Conclusion 

 

This chapter describes the differences among the standard testing protocols 

in the acceptance criteria of the WMFSS and reviews some experiments 

carried out in the literature.  Among them, 12 sets of full-scale burning 

tests with detailed experimental data were selected for further analysis.  

The correlation relationship between extinguishing time, heat release rate 

and peak temperature difference for different pressure WMFSS and 

ventilation conditions were worked out.  It was found that the 

extinguishing time had a polynomial relationship to the heat release rate of 

fire, and the extinguishing time was directly proportional to the peak 

temperature difference.  A conceptual mathematical analysis was also 

conducted in relation to the extinguishing time and heat release rate of fire.  

It was found that part of the mathematical derivation was consistent with the 

results from experiments.  The difference between the two might be due to 

the fact that conceptual studying only considered the cooling and 

evaporation of water mist to extinguish the fire, while in experiments, 
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oxygen dilution and radiation attenuation were also extinguishing 

mechanisms.  

 

Whether the system will be successful or not is still a problem in view of the 

case-dependent characteristic of the system.  Although many researchers 

have concluded that the water mist system would be more effective for 

bigger fires, the relationship is only qualitative but no quantitative definition 

on the size of fire for effectiveness has been arrived at.  Therefore, further 

experimental study should be conducted to solve these problems. 
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Chapter 7: Review on Experimental Studies on the 

Water Mist Fire Suppression System in the 

Compartment 

 

 

Summary 

 

Studies in the literature indicated that many experimental studies on 

WMFSS have been conducted to reveal the performance of the system 

under different fire scenarios and challenges.  One of the focus areas is to 

study the extinguishing performance of the system under the ventilation 

conditions.  The water mist discharged might not be able to reach the 

burning object when there is a strong upward air movement induced by the 

fire.  Understanding this phenomenon is very important for integrating the 

design of a water mist system into the mechanical ventilation and 

air-conditioning system.  This chapter will review the experimental studies 

in the literature and report a study in Hong Kong Polytechnic University on 

effect of room ventilation with the water mist system.  The study included 

different ventilation conditions and took the records on the water discharge 

pattern; fire extinguishing time and air temperature profile.  
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7.1 A review on the relevant experimental studies in the literature 

 

The performance of the WMFSS under different ventilation conditions was 

studied by Liu et al. (2001).  Three different ventilation conditions were 

tested including no ventilation with door closed, natural ventilation with 

door opened and forced ventilation.  Two types of systems, single-fluid 

system and dual-fluid system were studied by measuring the room 

temperature, carbon dioxide concentration and oxygen concentration. From 

the experiments, it was found that fire scenarios and characteristics of the 

system affect the performance of the WMFSS.  However, ventilation does 

not have much effect on the water mist discharged with strong spray 

momentum, giving better fire extinguishment (Liu et al. 1998; Yao et al. 

1999). 

 

A series of experiments to investigate the performance of the low pressure 

water mist system with natural ventilation in a simulated machinery room 

was carried out by Pepi (1995).  The results concluded that the WMFSS 

was effective with a �definable degree of ventilation�.  When the fire 

extinguishment rate inside the compartment was slow, the air flow near the 

doorway was outward due to the pressure built up inside the room.  

However, with a more rapid extinguishment rate, the air flow near the 

doorway became inward.  Low flash point liquid pool fire would be 

difficult to extinguish with low momentum water droplets in a ventilated 

compartment.  
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Another set of experiments for revealing the effects of natural ventilation on 

the WMFSS in suppressing flammable liquid fire in a machinery space were 

reported later by Pepi (1997).  For a 1MW spray fire, the extinguishment 

time was 1.5 times longer under natural ventilation with the door opened 

than that for ventilation with the door closed.  With a larger spray fire, the 

extinguishment time was relatively shorter than that in a small fire.  

 

Performances of water mist system in suppressing fires were compared with 

the Halon gas total flooding system and conventional sprinkler system by 

Back (Back 1995).  In the case without ventilation, the WMFSS performed 

not as well as the Halon system but better than the sprinkler system.  

However, in the case with ventilation, the water mist fire suppression system 

had a better performance than the Halon system.  

 

When the compartment was changed from poorly-ventilated to 

well-ventilated, the main extinguishing mechanisms changed (Cote et al. 

1997).  The �enclosure effects� are very important in determining the 

performance of the water mist systems.  Oxygen concentration in the 

compartment can be reduced rapidly with limited ventilation and restricted 

heat entrapment.  The water flux density required under enclosure effects 

was 10 times lower than that in an unconfined, well-ventilated fire.  

 

Design criteria for the WMFSS were worked out through experiments by 

Mawhinney (1993).  The spray momentum should be sufficiently strong to 

extinguish the fire in a compartment with ventilation.  Although a water 
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mist system is expected to extinguish a fire with less water within a shorter 

discharging time, a longer discharging time might be designed when the 

ventilation condition is unknown. 

 

Many experiments have been carried out in different simulated premises in 

the literature including the machinery spaces, telecommunications and 

electronic cabinets, turbine hoods, hydroelectric generators, wet benches, 

computer cabinets, ship cabins, power transformer rooms, underground train 

carriages, flammable liquid storerooms, residential buildings, etc.  

Different types of water mist nozzles were applied, which were both 

commercially provided and tailor-made.  Single fluid system, twin-fluid 

system, low pressure system, intermediate and high pressure WMFSS were 

used in these studies.  The applications of the system included total 

flooding application and local application. 

 

 

7.2 Machinery room 

 

Many tests have been carried out in the literature on machinery space 

protection. Combined liquid and solid fire sources which simulate the real 

fire scenarios were used.  The IMO engine mock-up defined by IMO 

MSC/Circ.668 (International Maritime Organization 1995) was used, for 

example, in 1996 Back et al. (2000) used 13 IMO diesel mock-ups and 5 

IMO heptane mock -ups with fire size varying from 0.6MW to 6MW.  Five 

commercial WMFSSs provided in the market were used in experiments with 
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operating pressures between 5.5bar and 70bar and a flow rate between 

5.0Lpm and 11.4Lpm.  It was found that the fire characteristics and room 

geometries affected the performance of the WMFSS.  Larger fires, high 

flash point fires, unobstructed fires and un-ventilated fires are easier to 

extinguish than that of small size, low flash point, shielded and 

well-ventilated fires.  In 2001, Hansen and Back (Hensen and Back 2001) 

used 13 IMO diesel mock-ups to test the performance of the water mist 

system.  It was found that the WMFSS characteristics also had impact on 

the fire extinguishment. Systems discharging larger droplet size have a 

longer extinguishment time and result in lower oxygen concentration in the 

compartment.  It was also shown that obstructed fires can be extinguished 

when the oxygen concentration in the space drops to the level that 

combustion cannot be sustained.  The WMFSS is able to suppress the room 

temperature dramatically from 50oC to 70oC.  

 

In order to investigate the extinguishing performance of the WMFSS on 

some big fires or even catastrophic fires when HRR reaches 20MW, 

Gameiro and Girard (1993) used 2 diesel IMO engine mock-ups, one 9m2 of 

diesel pool fire and two diesel spray fires to simulate the machinery space 

fire scenario.  Twenty-two nozzles at 20L/min each with 60o to 90o spray 

angles and flow rate between 200L to 400L were applied.  The results 

showed that the average extinguishing time was around 30s.  Therefore, it 

indicated that the WMFSS can extinguish big fires successfully.   
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7.3 Electrification equipment room 

 

To protect the hydroelectric generator room and power transformer room, 

the main problem is that the protected equipment is connected to the 

electrical source.  Normally, water-based fire protection systems are not 

considered a good choice for these premises as water is electrically 

conductive.  However, some experimental results showed that this might 

not be true for the WMFSS. Caldwell and Fleischmann (1997) used 

flammable and PMMA to simulate the fire scenario in a hydroelectric 

generator room.  Most fires in the tests were quickly controlled by the 

WMFSS while some small shielded fires continued burning for short 

periods which was not significant.  The fires can be extinguished or 

controlled within only 20 seconds.  In 2004, Kim et al. (2004) applied a 

water mist system in a power transformer room.  The combination of 

dielectric oil spray fire, pool fire and cascade fire gave rise to a fire size of 

1MW to 20MW.  A high pressure water mist system with 80bar operating 

pressure can extinguish fire much faster than that of low pressure system 

with 13bar. 

 

 

7.4 Turbine hood room 

 

In 1993, Wighus et al. (1993) built a 10 x 4 x 4m3 size turbine hood 

mock-up in a 12 x 6 x 6m3 testing chamber.  Propane gas matrix burners 

producing 1MW were used.  It was found that fire from fuel soaked into 
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insulation mats was the most difficult to extinguish permanently because 

re-ignition frequently occurred.  If a sufficient number of nozzles is 

provided in the turbine hood, the WMFSS can extinguish all critical fires 

(>1m2 diesel pool fires) within 10 seconds.  The minimum amount of water 

required for rapid extinguishment of a larger fire in the 70m3 turbine hood is 

4 to 5L.  

 

 

7.5 Computer cabinet 

 

In the modern world, computers are widely used.  The fire protection for 

computer centres is very important, especially for information centres which 

process and store important information.  If fire occurs, the loss would be 

invaluable.  In the past, gas protection systems were the choice for 

protection.  However, due to the toxicity of the suppressant and the toxic 

residuals remaining inside the room, it may be harmful to human beings and 

the environment.  Since 1987 the WMFSS has begun to attract the 

attention from the industry, as it has been found that the system can use very 

limited volumes of water to extinguish Class A, B and C fire.  Therefore, 

whether the WMFSS can be applied to computer rooms/information centres 

should be assessed carefully.  In 1992, Cousin (1992) did some 

experiments in a computer cabinet which was 1m3 in volume.  The fire 

sources used were BS5852 No. 5 and No. 7 Class A material which gave 

1.5kW and 6kW respectively. It showed that after applying a water mist 

system, the room temperature could be reduced by about 40oC.  The 
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oxygen concentration never fell below 17.5%.  The WMFSS was capable 

of controlling Class A fires in confined spaces, but the presence of 

obstructions could pose a problem.   

 

 

7.6 Public transportation 

 

After the 911 incident, people, especially fire safety engineers, began to pay 

more attention to the possibility of fire caused by arson in public places.  In 

2003, a big underground railway arson attack resulted in a fire in Daegu, 

South Korea and led to more than a hundred deaths and injuries. In 2004, 

another fire caused by arson happened in Hong Kong�s MTR but luckily it 

did not result in the loss of life or injuries.  One reason for such a big 

difference is that the emergency plan for the Hong Kong MTR is more 

sophisticated.  However, when a fire occurs, especially arson induced fire, 

the fire size cannot be predicted easily and the consequence can be serious.  

In order to provide more protection for human life as well as property, the 

WMFSS could be a good choice for its non-toxicity and light loading and 

space requirements.  Arvidson (1993) did some experiments in a 12m3 ship 

cabin with a Pullman type bunk bed setup and residential fuel package 

which was indicated in UL 1626 with a wooden crib used as the fire source.  

Two separate cases were included: one located nozzles 1.3m from the end 

wall and the other one located nozzles 2.5m from the end wall.  In the 1.3m 

case, if the fire was in the lower bunk bed, the HRR was not affected by 

varying the operating pressure of the WMFSS although the spray pattern 
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became narrower with increased pressure.  However, if fire was in the 

upper bunk bed, the lower pressure systems had slightly better results.  In 

the 2.5m case, significant reduction in the peak HRR and ceiling 

temperature with increasing operating pressure were observed.  For 

underground train carriage protection, Minami et al. recommended that the 

WMFSS was suitable for protecting premises against large flammable liquid 

fire such as gasoline (Minami 2004).  Although large momentary fire 

flare-up was observed immediately after the discharge of the water mist, the 

system could still quickly control the fire and cool the air in the 

compartment.  Similar to the aircraft case, increasing safe egress time for 

the passengers is another purpose of providing a water mist system.  

 

 

7.7 Flammable liquid storeroom 

 

Back G.G. in 1995 considered the applications of the WMFSS in the 

flammable liquid storeroom of 3 x 3 x 2.4m3 in size (Back 1995).  Ten 

small heptane pan fires, wooden crib fires, trash can fires, two large pool 

fires and cascading fuel fire were the fire sources. Back concluded that the 

performance of water mist was between that of Halon 1301 and 

conventional sprinkler systems.  For open spaces, the WMFSS might even 

perform better than Halon 1301.  For Class A fire, low pressure single fluid 

systems showed good performance because of high water flow rates and 

larger mean drop diameters but had poor performance for shielded fires.  

The high pressure, single fluid systems used 3 to 4 times less water than the 
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low pressure system and were good for Class B fire.  But they were not 

good for Class A fire due to a lack of momentum and small droplets.  He 

also identified the weakness of the WMFSS in such cases, including the 

inability to extinguish completely deep-seated Class A fires and the limited 

effectiveness against shielded/obstructed fires.  

 

 

7.8 Residential occupancies 

 

For residential buildings, Factory Mutual did some experiments in simulated 

large living rooms, bedrooms and kitchens in a home, modern condominium 

and apartment with a corridor (Bill et al. 2005).  It was found that the 

WMFSS could perform as well as the conventional sprinkler system to deal 

with residential fire but used much less water.  However, according to 

analogous industrial reliability data, it indicated that residential water mist 

systems had a higher failure rate than that of typical residential sprinkler 

systems connected to the city�s water mains.  Therefore, a careful design 

guide on the WMFSS in residential occupancies is needed.  

 

Most experiments reviewed conclude that the WMFSS can control or 

suppress fire in different premises within a short period with a small 

quantity of water.  The temperature can be dramatically reduced to provide 

a safer egress time as well as prevent flashover from happening. For Class A, 

Class B and even Class C fires, the WMFSS has a good extinguishing 

capability.  
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This brief review shows that for some premises, the experimental data is 

still insufficient.  For example, for the protection of computer rooms, 

information centres or some modes of public transportation, few tests have 

been reported in the literature.  Therefore, further study should be carried 

out, especially by full-scale experiments.  The data obtained from these 

experiments can be used to work out the design protocol for these premises. 

 

 

7.9 Review on PolyU studies on effect of room ventilation 

 

Experiments had been carried out in a fire chamber at the Department of 

Building Services Engineering (BSE), The Hong Kong Polytechnic 

University (PolyU) in 2002 as the PolyU BSE final year research project.  

A commercial nozzle was selected with operating pressure lying between 

11.7bar and 17bar with a flow rate of 0.198L/s to 0.242L/s. 

 

Four different ventilation conditions were tested including no ventilation, 

natural ventilation and forced ventilation. Performances of the WMFSS 

were evaluated by studying the parameters under the above ventilation 

conditions describing cooling effects, oxygen displacement, radiation 

attenuation and dilution of the vapour/air mixture.  The water discharge 

density (WDD) which is defined as flux density in the Fire Protection 

Handbook and discharged pattern of nozzles under different water pressures 

and flow rates were calculated from the experiment (Cote et al. 1997). 

Mathematically, WDD is the ratio of the volume of water collected in the 

testing room divided by the single container collecting area in the testing 
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time.  Transient temperature profiles during fire suppression under the four 

ventilation conditions were measured by eight thermocouples at different 

heights.  

 

Extinguishing time refers to the total time required for the fire to be 

extinguished after discharging water mist.  The water mist systems were 

operated 30s after starting the fire to ensure steady burning.  

 

The distribution of water mist discharged from a certain nozzle was 

measured experimentally.  The room was divided by into 5 sections along 

the x-direction with 0.49m spacing and 9 sections along the y-direction with 

0.73m spacing, giving 45 collection points.  The water distribution for 

water mist discharged from a nozzle was observed to be rather symmetric.  

It was also observed that more water was collected at the room corners 

when there was a fire, giving WDD contours that are not symmetrical.  

 

 

7.10 Ventilation Effect Deduced Earlier 

 

The test results with ventilation were also different from that without 

ventilation. Under no ventilation, the WDD for the system was nearly 

symmetrical to the mist nozzle.  Relatively less water was collected in the 

surrounding areas than in the central part of the compartment.  However, 

when ventilation was applied, the water discharging distribution changed.  
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The amount of water collected in the centre area of the testing chamber 

reduced but the amount of water collected in the perimeter area increased.  

It might because that under natural ventilation conditions, air was induced 

into the room from the opening door to the centre of compartment.  The 

airflow induced by the ventilation brought the water mist droplets to the 

perimeter areas of the room. 

 

For the tests without fire, the volume of water collected was inversely 

proportional to the distance between the nozzle and collecting points.  But 

in the tests with 0.25MW propane fires set up, most water was collected 

within 800mm from the nozzle.  Air flow patterns were changed under 

different ventilation conditions.  Upward movement of plume carries the 

fine water droplets away and changes the water distribution pattern.  Heat 

may be extracted from the fire by evaporation and by water mist flowing out 

of the compartment through the opening or ventilation systems.  Therefore, 

the volume of water collected was much lower. It was observed that the 

maximum amount of water was normally collected at a point 0.3m away 

from the nozzle.  

 

As observed from the experiment, there was no obvious change in 

extinguishing time under different ventilation conditions.  When the 

operation pressure was higher than 13 bar, the extinguishing time varied 

from 1.4s to 2.2s under different tests conditions.  The variation was small 

in comparison to the total burning time.  With appropriate discharge 

pressure and flow rate, the WMFSS would be very effective in 
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extinguishing a fire located below the nozzle.  

 

The experimental result of the extinguishing time was longer than 150s 

without ventilation providing when the operating pressure of WMFSS was 

under 13bar.  When the location of the fire was changed from the centre of 

the room to the sidewall, the extinguishing time increased further to more 

than 360s, i.e. 6 minutes. 

 

Although the water distribution pattern was changed under different 

ventilation conditions, there is no significant change in the extinguishing 

time.  It might due to the too low ventilation rates provided to affect the 

performance of the water mist system.  The amount of water mist which 

was exhausted through the ventilation system was too small to affect the 

cooling effect of the whole system.  

 

The temperature-time profile inside the chamber would give some 

indication of the system performance.  The thermocouples tree was placed 

in the centre of the testing chamber and near the fire source.  

 

It was observed that in most cases after operating the WMFSS, the 

temperature inside the room increased suddenly to 50oC.  Several seconds 

later, the fire was extinguished and the temperature dropped to room 

temperature.  In different tests, the times taken for reducing the 

temperature were different.  The time required for the test with mechanical 
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ventilation was the longest - 20s longer than other cases for the temperature 

to fall to 30oC.  In the test with no ventilation provided and under natural 

ventilation, the room was cooled down in the shortest time.  For the fire 

located near the wall, the fire continued to burn for three more minutes.  

Further, the temperature profiles for the case with walls were slightly higher 

than the others.  

 

When discharging the WMFSS, the temperature inside the testing chamber 

began to drop and it continued decreasing until the fire was extinguished.  

However, from the results, it can be easily found a short time of flare up 

phenomenon after discharging the WMFSS and the temperature increased 

during that period in all tests.  A possible explanation is that water is 

dissociated into H+ and OH-.  These radicals support combustion and 

increase the heat release rate. 

HeatOHHOH −+→ −+
2         �        (7.3) 

In discharging more water, higher evaporation rate would extract more heat 

from the fire and surroundings to reduce the temperature.  Note that 

oxygen depletion would extinguish the fire but operating the mechanical 

ventilation system would bring more oxygen into the compartment.  As the 

oxygen depletion effect is reduced, the fire near the wall could not be 

extinguished and so a higher temperature was found inside the room. 
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7.11 Conclusion 

 

The WMFSS is a good alternative to the total flooding gas protection 

systems based on halon.  There is an advantage of extinguishing fire with 

little water damage.  However, the design depends on the individual cases 

and the system is not suitable for extinguishing obstructed fires or smaller 

fires.  From the literature review on experimental studies on WMFSS, the 

assessment experiments on WMFSS and the PolyU studies conducted 

before, it showed that the mechanical ventilation systems might affect the 

performance of the WMFSS.  The water distribution was affected as the 

indoor air movement carried the small water droplets away and diluted the 

concentration of water in the target cover area.  The ventilation also 

reduced the total amount of water in the room.  The ventilation may also 

affect the extinguishing performance of the system, i.e. the extinguishing 

time and indoor temperature profile.  With the ventilation system linking 

with the fire detection system to ensure that it is shut down before operating 

the WMFSS could help to steady the performance of the WMFSS under fire. 
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Chapter 8: Full-scale Burning Tests on the 

WMFSS 

 

 

Summary 

 

The performance of the water mist fire suppression system (WMFSS) on 

different fires is evaluated by full-scale burning tests and reported in this 

chapter.  Eleven scenarios were set up for liquid gasoline and diesel fires 

and solid Polymethyl Methacrylate (PMMA) fires from 0.25MW to 1MW.  

Thirty burning tests were carried out to study fire control, discharging 

methods and pre-burn time in a testing chamber.  The heat release rate, 

oxygen concentration and indoor temperatures were measured.  The results 

are useful in understanding the performance of the water mist system.  

 

A total of four groups of experiments with 11 identified fire scenarios for 30 

full-scale burning tests were carried out to investigate the performance of 

the WMFSS.  The test results showed that under the same conditions, the 

fire size affects the performance of the water mist system.  The continuous 

discharging mode of the WMFSS on small sizes of fire is better than that of 

the cyclic discharging mode.  The pre-burn time of the fire affects the 

indoor peak temperature and lowest oxygen concentration.  When dealing 

with solid fire, like PMMA fire, the continuous discharging method of the 

WMFSS has a better performance than that of the cyclic discharging mode.  
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8.1 Introduction 

 

The water mist fire suppression system (WMFSS) is now commonly used as 

an alternative to the total flooding gas protection systems with Halon 

(Mawhinney and Back 2002; Mawhinney 2003).  Much smaller amounts 

of water are discharged to avoid flooding the protection area.  The 

extinguishing mechanisms and system characteristics have been studied for 

over 15 years (Mawhinney and Back 2002; Mawhinney 2003).  

Discharging small water droplets of sizes within 1mm from the WMFSS 

extract more heat through evaporation rapidly.  The steam produced by 

water droplets expands to give oxygen depletion near the fire. Water mist 

also absorbs radiation feedback to the fire for reducing the pyrolysis process.  

However, the small droplets also bring some problems in that the 

performance of the system is affected by the ventilation conditions, fire 

locations and geometry of the testing room.  Therefore, controlling fires in 

an open space with adequate air supply is different from that in an enclosed 

space with limited air (Rasbash et al. 1960).  The water mist system might 

be able to suppress fire for some scenarios (Chow 2003).  Full-scale 

burning tests are necessary to demonstrate that the system will perform as 

expected.  

 

In the literature, many experiments were carried out to evaluate the WMFSS 

(Back et al. 1996; Liu 1999; Back et al. 2000; Kim and Liu 2002).  Types 

of water mist systems were tested to study the impact of operation pressure 

and flow rate on system performance (Back 1998).  The effect of the room 
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size, the ratio of the opening to the room volume and the ventilation rate 

were studied (Pepi and Arvidson 1997).  However, the heat release rate 

(HRR), the most important factor in fire hazard assessment, was not 

addressed adequately.  

 

As a widely used construction material, Polymethyl methacrylate (PMMA) 

is very easily ignited and has a high heat release rate, which is a drawback 

on safety.  In the experiments, the WMFSS is proposed for use on PMMA 

fires.  In the literature, some bench-scale burning tests were conducted 

(Jiang 2004; Chow et al. 2005; Qin and Chow 2005).  The PMMA samples 

of size of 10cm by 10cm were studied in the cone calorimeter with external 

heat flux.  A specific designed small size water mist nozzle was installed in 

the cone colorimeter.  Experimental results showed that low-pressure water 

mist is effective in controlling small PMMA fires. Once water mist is 

discharged, the amount of smoke produced increases and the CO production 

rate jumps almost three times.  Furthermore, the discharge time of water 

mist is another key factor to determine the effectiveness of suppression.  If 

the discharge time is too short, �re-ignition� will occur to give more heat and 

smoke.  At low operating flow, the distance between the nozzle head and 

the fire surface affects the extinguishing time.  But until now, there have 

been insufficient full-scale tests that have been conducted to investigate 

WMFSS on PMMA fire.  

 

To have a better understanding of the WMFSS, full-scale burning tests on 

four groups with 11 identified scenarios of a total of 30 sets of tests were 
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conducted in Northeast China.  Effects of fire size, discharging mode, 

pre-burn time and fuel type were studied.  Experimental results on the heat 

release rate, oxygen concentration and air temperature will be presented in 

this chapter.  

 

 

8.2 Experimental setup 

 

Full-scale burning tests were carried out in a room calorimeter at Lanxi, 

Harbin, Heilongjiang, China.  The room calorimeter was 3.6m long, 2.4m 

wide and 2.4m high with a doorway of size 0.8m wide and 2m high.  It 

consists of the gas collecting hood, duct-sections which containing the most 

important equipment, i.e. gas analyzers and the suction fans.  By using the 

room calorimeter, the heat release rate of the fires setting up in the room can 

be measured directly along with the CO2 concentration and the O2 

concentration.   

 

Water mist discharged from a low-pressure nozzle was studied.  Four 

groups experiments with 11 scenarios of 30 sets of tests were designed and 

analyzed.  Two ventilation conditions were designed to use in the tests to 

create limited natural ventilation and fully natural ventilation conditions: 

 

! Limited natural ventilation V1 set up by sealing one third of the door as 

in Figure 8.1.  

! Full natural ventilation V2 by opening the door fully.  
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Two discharging modes were also designed to study in the tests.  They 

were continuous discharging and cycling discharging described as: 

 

! Continuous discharging 

 

Water mist is discharged continuously until the fire is extinguished 

(successful scenario).  There might be no suppression effect as the fire may 

be extinguished by itself due to burning up of the fuel or no oxygen supplies 

(failed scenario).  

 

! Cycling discharging 

 

The water mist system is operated for some period such as 30s called the 

�on� state; then it is simply switched off for a certain period of time which is 

called �off� state.  The �on� and �off� state cycles are repeated until the fire 

is extinguished (successful scenario).  Again, the operating the system 

might not be able to suppress the fire as the fire may be extinguished by 

itself (failed scenario).  A ratio of the time for �off� state to the time for �on� 

state ψ can be defined as: 

stateonintime
stateoffintime

''
''

=ψ           �          (8.1) 

Liquid pool fires (LF) of gasoline and diesel, and solid fuel fire with PMMA 

cribs were set up.  Three different liquid fire sizes as 0.25MW, 0.5 MW 

and 1 MW was set up by using different fire pan sizes.  The diameter and 

the volume of fuels were calculated before conducting the experiments.  

After calculating and analyzing, the sizes and volumes of the fire pans for 
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setting up different fire sizes are shown in Figure 8.2 (a):  

 

! LF1: 0.25MW gasoline pool fire with a burning duration of 600s was set 

up using a pan of 460mm diameter with 7.6 litres of gasoline.  

! LF2: 0.5MW gasoline pool fire with a burning duration of 600s was set 

up using a pan of 600mm diameter with 13.2 litres of gasoline. 

! LF3: 1MW gasoline pool fire with a burning duration of 600s was set up 

using a pan of 810mm diameter with 23 litres of gasoline. 

! LF4: 0.5MW diesel pool fire with a burning duration of 600s was set up 

using a pan of 660mm diameter with 10 litres diesel.  

 

Similar to the wood crib, it designed to use 192 pieces of PMMA slabs to 

construct a solid crib measuring 0.28m x 0.28m x 0.28m as in Figure 8.3.  

 

 

Tested fires were placed in four different positions in the room as in Figure 

8.1.  They are:  

 

• P1: Centre of the room. 

• P2: 1.3m away from the door. 

• P3: 1.65m away from the door. 

• P4: 1.35m away from the door. 

 

Eighteen bare-wire sensors of Chromel-alumel (K-type, 30 gauges) 

thermocouples were installed on three trees T1, T2 and T3. T1 was at the 
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centre of the room, T2 was near the wall and T3 was at the door.  For K 

type thermocouples, when the temperature range is between 0oC to 1,250oC, 

the standard tolerance was ± 2.2oC or ± 0.75% (British Standard BS 1041-4: 

1992).  The used bare-wire sensor with coating was relatively vulnerable to 

physical damage, but it had direct contact with the room air monitor and had 

the fastest response time compared with the other types of thermocouple 

sensors, like the shielded type and sheath type thermocouples.  When the 

WMFSS was discharged to the fire, the room air temperature changed 

dramatically and rapidly.  With a small heat capacity, K type thermocouple 

sensors were very suitable for the experiment.  Before conducting the 

testing, a calibration on the thermocouples was conducted for ensuring the 

accuracy of the data to fall into the accepted range.  

 

For the total number of 30 sets of tests, a steel rim was added in the centre 

of the tested pan in 22 tests as shown in Figure 8.2.  Adding a rim gives a 

steadier fire as reported before (Chow et al. 2003).  The rim blocks the 

water mist entraining to the fuel base.  Two pictures in Figure 8.2 show the 

difference between the same sized fires but with and without the rim.  All 

test results are summarized in Table 8.1.  

 

 

8.3. The fire scenarios 

 

30 sets of tests were carried out.  They represented 11 fire scenarios. 

According to the different testing objectives, these 11 fire scenarios could be 
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further classified into 4 groups.  

 

! Objectives of Group 1 test: To study the impact of the fire sizes to the 

WMFSS 

 

Fire source: Gasoline pool fire with different fire size 

Pre-burn time: 90s 

Ventilation condition: V1 and V2 

WMFSS discharging mode: Continuous discharging mode 

 

The group 1 tests set up three different fire scenarios with 19 sets of tests.  

The detailed descriptions of these scenarios are: 

Scenario 1A with 8 tests:  LF1 under V1 

(1A1 to 1A8) (tests 1A2 to 1A4, 1A7, 1A8 had a steel 

rim) 

Scenario 1B with 6 tests:  LF2 under V2 

(1B1 to1B6):  (tests 1B2 and 1B4 to 1B6 had a steel 

rim) 

Scenario 1C with 5 tests:  LF3 under V2 

(1C1 to 1C5):    (tests 1C3 to 1C5 had a steel rim). 

 

! Objectives of Group 2 tests: To study the impact of the cycling 

discharging mode of the WMFSS 
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Fire source: Gasoline pool fire 

Pre-burn time: 90s 

Ventilation condition: V2 

WMFSS discharging mode: Cycling discharging mode with different 

cycling time ratios 

 

The group 2 tests set up four different fire scenarios with 4 sets of tests.  

The detailed descriptions of these scenarios are: 

 

Scenario 2A with 1 test (2A1): LF1 with the ψ of 1 (2A1 had a steel rim) 

Scenario 2B with 1 test (2B1): LF1 with the ψ of 1.5 (2B1 had a steel 

rim) 

Scenario 2C with 1 test (2C1): LF2 with the ψ of 1 (2C1 had a steel rim) 

Scenario 2D with 1 test (2D1): LF2 with the ψ of 1.5 (2D1 had a steel 

rim) 

 

! Objectives of Group 3 tests: To study the impact of pre-burn time on 

the WMFSS 

 

Fire source: Diesel pool fire 

Pre-burn time: 120s and 180s 

Ventilation condition: V2 

WMFSS discharging mode: Continuous discharging mode 

 

The group 3 tests set up two different fire scenarios with 5 sets of tests.  
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The detailed descriptions of these scenarios are: 

 

Scenario 3A with 4 tests:  LF4 with a pre-burn time of 120s 

(3A1 to 3A4):    (tests 3A1, 3A3 and 3A4 had a steel rim) 

Scenario 3B with 1 test:   LF4 with a pre-burn time of 180s 

(3B1):     (test 3B1 had a steel rim)  

 

! Objectives of Group 4 tests: To study the performance of the WMFSS 

on PMMA crib fires 

Fire source: PMMA crib fire 

Pre-burn time: Ignited until the fire became steady 

Ventilation condition: V2 

WMFSS discharging mode:  Continuous and cycling discharging 

modes 

 

The group 4 tests set up two different fire scenarios with 2 sets of tests. The 

detailed descriptions of these scenarios are: 

 

Scenario 4A with 1 test (4A1): Continuous discharging mode on 

PMMA crib fire under V2. 

Scenario 4B with 1 test (4B1): Cycling discharging mode on PMMA 

crib fire under V2. 
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8.4 Experimental results of 30 full-scale tests 

 

The descriptions of 30 full-scale burning tests are listed in Table 8.1 to Table 

8.30.  The results for extinguishing time, peak heat release rate, minimum 

oxygen concentration and highest air temperature in the room for the 30 

tests are summarized in Table 8.31.  

 

! Test 1A1 

 

Test 1A1 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source. The fire was located at the centre of the testing room.  The door 

was sealed one third from the top to set up the limited ventilation scenario.  

The WMFSS tested had an operation pressure of 12.6bar and operation flow 

rate of 0.2L/s.  During the experiment, the ambient temperature was 15oC.  

After a 90s pre-burn time, the WMFSS began to discharge.  It was 

observed that the fire was extinguished immediately.  The peak heat release 

rate (HRR) of the fire was around 160kW and the lowest oxygen 

concentration inside the room reached 20.75%.  

 

! Test 1A2 

 

Test 1A2 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source. A steel rim with a diameter of 400mm and height of 300mm was put 

at the centre of the fire pan to make the fire more stable and create more 

challenge to the WMFSS.  The fire was located 1.44m away from the door.  
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The door was sealed one third from the top to set up the limited ventilation 

scenario.  The WMFSS tested had an operation pressure of 12.6bar and 

operation flow rate of 0.2L/s.  During the experiment, the ambient 

temperature was 18oC.  After a 90s pre-burn time, the WMFSS began to 

discharge. It was recorded that the fire was extinguished within 90s.  The 

peak heat release rate (HRR) of the fire was below 80kW and the lowest 

oxygen concentration inside the room was around 20.85%. 

 

! Test 1A3 

 

Test 1A3 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.35m away from the door.  The door was sealed one third from the 

top to set up the limited ventilation scenario.  The WMFSS tested had an 

operation pressure of 12.6bar and operation flow rate of 0.2L/s.  During the 

experiment, the ambient temperature was 18oC.  After a 90s pre-burn time, 

the WMFSS began to discharge.  It was recorded that the fire was 

extinguished within 104s.  The calorimeter malfunctioned and failed to 

record the HRR and the oxygen concentration data. 

 

! Test 1A4 

 

Test 1A4 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.35m away from the door.  The door was sealed one third from the 
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top to set up the limited ventilation scenario.  The WMFSS tested had an 

operation pressure of 12.6bar and operation flow rate of 0.2L/s.  During the 

experiment, the ambient temperature was 16oC.  After a 90s pre-burn time, 

the WMFSS began to discharge.  It was recorded that the fire was 

extinguished within 149s.  The peak heat release rate (HRR) of the fire was 

nearly 100kW and the lowest oxygen concentration inside the room was 

around 20.83%. 

 

! Test 1A5 

 

Test 1A5 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  The door was fully open to set up the natural ventilation scenario.  

During the experiment, the ambient temperature was 15oC.  Test 1A5 was 

set up to obtain the reference HRR curve.  The WMFSS did not discharge.  

The peak heat release rate (HRR) of the fire reached 300kW and the lowest 

oxygen concentration inside the room was only 20.55%. 

 

! Test 1A6 

 

Test 1A6 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  The door was sealed one third from the top to set up the limited 

ventilation scenario.  During the experiment, the ambient temperature was 

16oC. Test 1A6 was set up to obtain the reference HRR curve.  The 

WMFSS did not discharge.  The peak heat release rate (HRR) of the fire 

was around 250kW and the lowest oxygen concentration inside the room 
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was 20.63%. 

 

! Test 1A7 

 

Test 1A7 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The door was 

sealed one third from the top to set up the limited ventilation scenario.  

During the experiment, the ambient temperature was 18oC.  Test 1A7 was 

set up to obtain the reference HRR curve.  The WMFSS did not discharge.  

The peak heat release rate (HRR) of the fire was around 180kW and the 

lowest oxygen concentration inside the room was 20.73%. 

 

! Test 1A8 

 

Test 1A8 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The door was 

sealed one third from the top to set up the limited ventilation scenario.  

During the experiment, the ambient temperature was 14oC.  Test 1A8 was 

set up to obtain the reference HRR curve.  The WMFSS did not discharge.  

The peak heat release rate (HRR) of the fire was nearly 160kW and the 

lowest oxygen concentration inside the room was 20.77%. 

 

! Test 1B1 

 

Test 1B1 used gasoline in a fire pan with a diameter of 0.6m as the fire 
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source.  The fire was located 1.35m away from the door.  The door was 

fully open to set up the natural ventilation scenario.  During the experiment, 

the ambient temperature was 16oC.  After a 90s pre-burn time, the WMFSS 

began to discharge.  It was recorded that the fire was extinguished within 

74s.  The peak heat release rate (HRR) of the fire reached 520kW and the 

lowest oxygen concentration inside the room was around 20.25%. 

 

! Test 1B2 

 

Test 1B2 used gasoline in a fire pan with a diameter of 0.6m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 16oC.  After a 90s pre-burn time, the WMFSS began to 

discharge.  It was recorded that the fire was extinguished within 250s.  

The peak heat release rate (HRR) of the fire reached 350kW and the lowest 

oxygen concentration inside the room was around 20.5%. 

 

! Test 1B3 

 

Test 1B3 used gasoline in a fire pan with a diameter of 0.6m as the fire 

source.  The door was fully open to set up the natural ventilation scenario.  

During the experiment, the ambient temperature was 16oC.  Test 1B3 was 

set up to obtain the reference HRR curve.  The WMFSS did not discharge.  

The peak heat release rate (HRR) of the fire was nearly 650kW and the 
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lowest oxygen concentration inside the room was 20%.  It was also 

observed that the thickness of the smoke layer surging out from the door 

was 1 to 1.2m.  

 

! Test 1B4 

 

Test 1B4 used gasoline in a fire pan with a diameter of 0.6m as the fire 

source. A steel rim was put at the centre of the fire pan. The fire was located 

at 1.3m away from the door. The door was fully open to set up the natural 

ventilation scenario. During the experiment, the ambient temperature was 

18oC. Test 1B4 was set up to obtain the reference HRR curve. The WMFSS 

did not discharge. The calorimeter malfunctioned and failed to record the 

HRR and the oxygen concentration data. 

 

! Test 1B5 

 

Test 1B5 used gasoline in a fire pan with a diameter of 0.6m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The door was 

fully open to set up the natural ventilation scenario.  During the experiment, 

the ambient temperature was 20oC.  Test 1B5 was set up to obtain the 

reference HRR curve.  The WMFSS did not discharge. The peak heat 

release rate (HRR) of the fire was nearly 550kW and the lowest oxygen 

concentration inside the room was around 21%.   
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! Test 1B6 

 

Test 1B6 used gasoline in a fire pan with a diameter of 0.6m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located at 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 14oC.  Test 1B6 was set up to obtain the reference HRR 

curve.  The WMFSS did not discharge.  The calorimeter malfunctioned 

and failed to record the HRR and the oxygen concentration data. 

 

! Test 1C1 

 

Test 1C1 used gasoline in a fire pan with a diameter of 0.81m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 16oC.  After a 90s pre-burn time, the WMFSS began to 

discharge.  It was recorded that the fire was extinguished within 540s. The 

peak heat release rate (HRR) of the fire reached 950kW and the lowest 

oxygen concentration inside the room was as low as 19.6%. 

 

! Test 1C2 

 

Test 1C2 used gasoline in a fire pan with a diameter of 0.81m as the fire 

source.  The door was fully open to set up the natural ventilation scenario.  
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During the experiment, the ambient temperature was 18oC.  Test 1C2 was 

set up to obtain the reference HRR curve.  The WMFSS did not discharge.  

The peak heat release rate (HRR) of the fire was about 1,500kW and the 

lowest oxygen concentration inside the room reached 17.8%. 

 

! Test 1C3 

 

Test 1C3 used gasoline in a fire pan with a diameter of 0.81m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The door was 

fully open to set up the natural ventilation scenario.  The fire was located at 

1.3m away from the door.  During the experiment, the ambient temperature 

was 18oC. Test 1C3 was set up to obtain the reference HRR curve.  The 

WMFSS did not discharge.  The peak heat release rate (HRR) of the fire 

was around 1,050kW and the lowest oxygen concentration inside the room 

was about 19%. 

 

! Test 1C4 

 

Test 1C4 used gasoline in a fire pan with a diameter of 0.81m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located at 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 14oC.  Test 1C4 was set up to obtain the reference HRR 

curve.  The WMFSS did not discharge.  The calorimeter malfunctioned 

and failed to record the HRR and the oxygen concentration data. 
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! Test 1C5 

 

Test 1C5 used gasoline in a fire pan with a diameter of 0.81m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The door was 

fully open to set up the natural ventilation scenario.  The fire was located at 

1.3m away from the door.  During the experiment, the ambient temperature 

was 14oC.  Test 1C5 was set up to obtain the reference HRR curve.  The 

WMFSS did not discharge.  The peak heat release rate (HRR) of the fire 

was nearly 1,000kW and the lowest oxygen concentration inside the room 

was about 19.5%. 

 

! Test 2A1 

 

Test 2A1 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.35m away from the door.  The door was sealed one third from the 

top to set up the limited ventilation scenario.  During the experiment, the 

ambient temperature was 16oC.  After a 90s pre-burn time, the WMFSS 

began to discharge with a cyclic mode.  The ratio of the time for �off� state 

to the time for �on� state ψ was equal to 1, i.e. the WMFSS discharged for 

30s first and then stopped discharging for 30s.  It was recorded that the fire 

was extinguished within 559s.  The peak heat release rate (HRR) of the fire 

reached 130kW and the lowest oxygen concentration inside the room was as 

low as 20.9%. 
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! Test 2B1 

 

Test 2B1 used gasoline in a fire pan with a diameter of 0.46m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.35m away from the door.  The door was sealed one third from the 

top to set up the limited ventilation scenario.  During the experiment, the 

ambient temperature was 16oC.  After a 90s pre-burn time, the WMFSS 

began to discharge with a cyclic mode.  The ratio of the time for �off� state 

to the time for �on� state ψ was equal to 1.5, i.e. the WMFSS discharged for 

30s first and then stopped discharging for 45s.  It was recorded that the fire 

was extinguished within 231s.  The peak heat release rate (HRR) of the fire 

was nearly 140kW and the lowest oxygen concentration inside the room was 

about 20.78%. 

 

! Test 2C1 

 

Test 2C1 used gasoline in a fire pan with a diameter of 0.6m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 16oC.  After a 90s pre-burn time, the WMFSS began to 

discharge with a cyclic mode.  The ratio of the time for �off� state to the 

time for �on� state ψ was equal to 1, i.e. the WMFSS discharged for 30s first 

and then stopped discharging for 30s.  It was recorded that the fire was 

extinguished within 311s.  The peak heat release rate (HRR) of the fire 
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reached 450kW and the lowest oxygen concentration inside the room was 

around 20.35%. 

 

! Test 2D1 

 

Test 2D1 used gasoline in a fire pan with a diameter of 0.6m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 16oC.  After a 90s pre-burn time, the WMFSS began to 

discharge with a cyclic mode.  The ratio of the time for �off� state to the 

time for �on� state ψ was equal to 1.5, i.e. the WMFSS discharged for 30s 

first and then stopped discharging for 45s.  It was recorded that the fire was 

extinguished within 312s.  The peak heat release rate (HRR) of the fire was 

about 500kW and the lowest oxygen concentration inside the room was 

about 20.35%. 

 

! Test 3A1 

 

Test 3A1 used diesel in a fire pan with a diameter of 0.66m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 16oC.  After a 120s pre-burn time, the WMFSS began to 

discharge with a continuous mode.  It was recorded that the fire was 
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extinguished within 42s.  The peak heat release rate (HRR) of the fire was 

recorded as 270kW and the lowest oxygen concentration inside the room 

was measured as 20.6%. 

 

! Test 3A2 

 

Test 3A2 used diesel in a fire pan with a diameter of 0.66m as the fire 

source.  The fire was located 1.3m away from the door.  The door was 

fully open to set up the natural ventilation scenario.  During the experiment, 

the ambient temperature was 20oC.  Test 3A2 was set up to obtain the 

reference HRR curve.  The WMFSS did not discharge.  The calorimeter 

malfunctioned and failed to record the HRR and the oxygen concentration 

data. 

 

! Test 3A3 

 

Test 3A3 used diesel in a fire pan with a diameter of 0.66m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario.  During the experiment, the ambient 

temperature was 16oC.  Test 3A3 was set up to obtain the reference HRR 

curve.  The WMFSS did not discharge.  The peak heat release rate (HRR) 

of the fire was recorded as 420kW and the lowest oxygen concentration 

inside the room was measured as 20.35%. 
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! Test 3A4 

 

Test 3A4 used diesel in a fire pan with a diameter of 0.66m as the fire 

source.  A steel rim was put at the centre of the fire pan.  The fire was 

located 1.3m away from the door.  The door was fully open to set up the 

natural ventilation scenario. During the experiment, the ambient temperature 

was 14oC. Test 3A4 was set up to obtain the reference HRR curve.  The 

WMFSS did not discharge.  The calorimeter malfunctioned and failed to 

record the HRR and the oxygen concentration data. 

 

! Test 3B1 

 

Test 3B1 used diesel in a fire pan with a diameter of 0.66m as the fire source.  

A steel rim was put at the centre of the fire pan.  The fire was located 1.3m 

away from the door.  The door was fully open to set up the natural 

ventilation scenario.  During the experiment, the ambient temperature was 

16oC.  After a 180s pre-burn time, the WMFSS began to discharge with a 

continuous mode.  It was recorded that the fire was extinguished within 

46s.  The peak heat release rate (HRR) of the fire recorded was 370kW and 

the lowest oxygen concentration inside the room was measured as 20.47%. 

 

! Test 4A1 

 

Test 4A1 used the PMMA crib as the fire source.  The fire was located on 

the top of an upside-down fire pan at the centre of the room.  The door was 



131 

fully open to set up the natural ventilation scenario.  During the experiment, 

the ambient temperature was 16oC.  After a 180s pre-burn time, the 

WMFSS began to discharge with a continuous mode.  It was recorded that 

the fire was extinguished within 1,126s.  The peak heat release rate (HRR) 

of the fire was around 88kW and the lowest oxygen concentration inside the 

room measured was 20.84%. 

 

! Test 4B1 

 

Test 4B1 used a PMMA crib as the fire source.  The fire was located on the 

top of an upside-down fire pan at the centre of the room.  The door was 

fully open to set up the natural ventilation scenario.  During the experiment, 

the ambient temperature was 16oC.  After a 180s pre-burn time, the 

WMFSS began to discharge with a cyclic mode.  The ratio of the time for 

�off� state to the time for �on� state ψ was equal to 1.5, i.e. the WMFSS 

discharged for 30s first and then stopped discharging for 45s.  It was 

recorded that the fire was extinguished within 3,157s.  The peak heat 

release rate (HRR) of the fire reached 185kW and the lowest oxygen 

concentration inside the room measured was 20.7%. 

 

 

8.5 Comparison and analysis of Group 1 tests 

 

The comparison of the heat release rate of tests 1A4, 1B2 and 1C1 

representing scenarios 1A, 1B and 1C is shown in Figure 8.4.  All three 
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fires used steel rims in the fire for a better and steadier flame.  

 

Figure 8.4 shows that for Test 1A4, the WMFSS used a short time, i.e. 149s 

to extinguish the fire.  The peak rate of heat released measured in this test 

was 160kW, which was three-fifths of the designated fire size of 250kW.  

 

For Tests 1B2 and 1C1, the extinguishing time increased to 290s and 540s 

respectively.  Both peak rates of heat released increased to 348kW and 

950kW, which almost reached the designated fire sizes of 500kW and 

1,000kW.  This was because the WMFSS took a longer time to extinguish 

the fire, which meant more fuel was combusted. 

 

For Tests 1B2, the extinguishing time increased to 250s and the peak rate of 

heat released increased to 384kW which is about four-fifths of the 

designated 500kW.  After discharging water mist, the heat release rate rose 

slightly for the first 200s. Then the fire was extinguished within 90s.  In 

this test, the fire size was maintained at a relatively large level, i.e. around 

300kW for two-thirds of extinguishing times.  The room air temperature 

measured was also comparatively high at 450oC.  The fire was controlled 

but not suppressed during most of the time, which might have resulted in a 

bad influence on the surrounding environment. 

 

For Test 1C1, the extinguishing time further increased to 540s. The heat 

release rate grew to about 950kW quickly before discharging the WMFSS, 

which was very close to the designated 1,000kW.  There were clearly three 
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stages when the fire size changed. In the first stage, the fire size was 

suppressed down to only half of the peak rate of heat released, around 

400kW for the first 120s; in the second stage, the fire size was maintained at 

that level for about 360s; in the last stage, the fire was completely 

extinguished within 60s.  Since it took quite a long time, i.e. around 9 

minutes for the WMFSS to extinguish the fire, the room temperature was 

nearly 1,000oC.  

 

During the experiments, it was observed that there were great amounts of 

white smoke generated in the room and which surged out from the door.  

The flame was quite unstable during WMFSS discharging.  It tilted from 

left to right due to the air pressure in the room.  Sometimes, the flame 

seemed to separate from the fuel base and �floated� in the air.  Especially 

during the time when the fire was nearly extinguished, the flame was 

observed to �lift off� in the air for a very short time, say, within 1s and then 

died out completely. This phenomenon could be observed in all three sets of 

tests.  

 

The possible explanation for this phenomenon might be the perturbation of 

the attachment zone near the flame base due to the temperature dropping 

down and the dilution of combustible vapour.  There was an attachment 

zone near the fuel, which was very important to the flame�s stability.  In the 

zone, the diffusion supplied sufficient oxygen for the fuel available and 

could �anchor� the flame.  Chemical kinetics and physical processes which 

both depend on temperature also reached a balance in that zone.  When 
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water mist was applied to the fire, it extracted enough heat and reduced the 

temperature, the balance was broken and the attachment zone was perturbed. 

Therefore, the flame �lifted off� and extinguishment occurred (Thorne 

1985). 

 

 

8.6 Comparison and analysis of Group 2 tests 
 

Tests 2A1, 2B1, 2C1 and 2D1 were selected to compare the difference 

between the continuous discharging method and cycling discharging method. 

Four tests all added a steel rim inside the pan to set up the fires.  Two types 

of fires LF1 and LF2 fires were used in these tests.  The comparisons of 

experimental results on the heat release rate are shown in Figure 8.5.  

 

Figure 5 (a) shows the heat release rate for the 250kW gasoline fire by 

applying a continuous discharging water mist system and cycling 

discharging water mist system with ψ equal to 1 and with ψ equal to 1.5.  It 

was seen that under the continuous discharging mode, the heat release rate 

of fire reduced to 40kW quickly and the fire was extinguished within 83s.  

But with cycling discharging methods, fires were sustained for a longer time.  

The extinguishing time was 559s for ψ equal to 1 and 231s for ψ equal to 

1.5.  For the cycling discharging mode with ψ equal to 1, the heat release 

rate was suppressed to 130kW and kept at that level until the fire was 

extinguished.  The fire size changed following the �on� and �off� state.  

When the water mist was discharged, the heat release rate dropped by 
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around 10kW to 120kW.  Fire size recovered back to 130kW when the 

water mist was switched off.  For the cycling discharging mode with ψ 

equal to 1.5, the heat release rate increased from 95kW to 120kW after 

completing the first cycle and continued to increase to 140kW after the 

second cycle.  The fire was extinguished after four cycles. Comparing 

three scenarios for 250kW gasoline pan fires, the water mist system 

discharging continuously had the best performance.  For the two cycling 

discharging modes, the one with ψ equal to 1.5 performed much better than 

that of ψ equal to 1.  

 

Figure 8.5 (b) shows the heat release rate of the 500kW gasoline fire and the 

WMFSS in the three discharging modes produced similar extinguishing 

times.  Under continuous discharging, it took the WMFSS 290s to 

extinguish the 500kW gasoline pool fire.  The heat release rate was 

controlled under 350kW.  Water mist systems used 310s to put out fires in 

the two cycling discharging scenarios.  But in these two cases, the peak 

rate of heat released reached 480kW, which was near the designated fire size.  

After comparing the three scenarios, although the extinguishing times were 

similar, it could be concluded that continuously discharging water mist 

could control and suppress fire more successfully.  

 

From the Group 2 tests, it could be concluded that discharging methods 

affected the performance of the water mist system.  For small fires, like 

250kW gasoline fires, the effects appeared more obviously.  Continuous 

discharging water mist had a better performance when the fire was below 
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500kW.  But when water mist is discharged cyclically, with a larger time 

ratio ψ it could extinguish fire more quickly than that with a smaller time 

ratio. 

 

 

8.7 Comparison and Analysis of Group 3 tests 

 

Two sets of scenarios 3A1 and 3B1 on studying the influence of the 

pre-burn time on the performance of the water mist system were carried out 

on the 500kW diesel pool fire.  Both tests used steel rims to set up the fires.  

 

As shown in Figure 8.6, the WMFSS extinguished fires rapidly in both 

scenarios.  For 120s pre-burn times, the peak heat release rate rose to 

260kW and then was suppressed.  But for 180s pre-burn times, the peak 

heat release rate rose to 360kW due to longer burning times.  Although 

more time was provided in the second cases for burning and a higher heat 

release rate was recorded, the extinguishing time was quite similar.  With 

120s pre-burn times, the extinguishing time was 42s and for the one with 

180s, the extinguishing time was 46s.  From Group 3 tests, it showed that 

the pre-burn time was not a very important factor that affected the 

performance of the WMFSS.  A further study should be carried out to see 

whether a quick operation of the WMFSS in real accident fire scenarios 

would help.  
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8.8 Comparison and analysis of Group 4 tests 
 

For the case of the continuous discharging mode, it was observed that the 

flame was blown down to the surface of the PMMA crib once water mist 

was discharged.  Large amounts of black smoke were generated and surged 

out of the room from the door.  The flame regained its shape in a very short 

time but with a lower visual height.  The flame shape became unstable. 

The fire was suppressed gradually and then was extinguished after 20 

minutes.  About two-thirds of the PMMA crib was left unburnt.  

 

For the case of cycling discharging mode, it was observed that the flame 

was pulled down when the water mist was in the �on� state.  The flame 

restored its original size and shape when the system was in the �off� period.  

The extinguishing time was over 50 minutes, almost double that for the 

continuous discharging mode. About half of the weight of the PMMA crib 

was left.   

 

The comparison of the heat release rate for the two tests is shown in Figure 

8.7.  The heat release rate of the fire was suppressed to around 80kW in the 

continuous discharging mode and about 190kW in the cycling discharging 

mode. For the continuous discharging mode, the fire was suppressed to a 

very small size and the heat release rate was low and steady within the first 

17 minutes of discharging time and the fire suddenly died down within 3 

minutes.  For the cycling discharging mode, the heat release experienced 

three stages.  The first stage was from 400s to 1,000s.  After discharging 
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water mist, the heat release rate varied following the on/off-discharging 

mode.  The heat release rate also increased from 110kW to 190kW.  The 

second stage was from 1,000s to 1,400s.  It can be seen that after the peak 

rate of heat release, the heat release rate was suppressed quickly to around 

80kW within 30s.  The last stage was from 1,400s to extinguishment of the 

fire; the heat release rate dropped quickly from 80kW to 30kW and 

gradually died down. 

 

The room temperature measured for the two discharging modes is shown in 

Figure 8.17 and Figure 8.18.  For the continuous discharging mode, the 

room temperature increased when the water mist was discharged to about 

100oC and dropped quickly to around 50oC and kept at that level until the 

fire died down.  For the cycling discharging mode, the room temperature 

fluctuated with the on/off status of the water mist system.  When the water 

mist was off, the highest room temperature reached 220oC and decreased 

gradually. 

It appears from the above tests that the WMFSS is more effective in 

suppressing PMMA fires under the continuous discharging mode, in 

comparison to cycling under the ψ of 1.5. 

 

 

8.9 Conclusion 

 

A total of four groups of experiments with 11 identified fire scenarios for 30 

full-scale burning tests were carried out to investigate the performance of 



139 

the WMFSS. The following was observed: 

 

! The test results showed that under the same conditions, the fire size 

affected the performance of the water mist system. 

 

! When applying the water mist system cycling, the system did not 

perform as well as in the case of continuous discharging for small 

fire size. It was also concluded that the big cycling ratio could 

achieve a better performance than the small ratio case. 

 

! When increasing the fire size, the difference between the continuous 

discharging and cycling discharging with different time ratio became 

smaller. 

 
! For different pre-burn times for the liquid fire, the extinguishing 

time did not seem to be affected greatly. But the pre-burn time did 

affect the indoor peak temperature and lowest oxygen concentration 

significantly. 

 
! When dealing with PMMA fire, the continuous discharging method 

seemed to be more effective and a much shorter extinguishing time 

was achieved. The fires eventually could be controlled and 

extinguished by both discharging modes. 

 

From the visual observation, once the water mist was discharging, the flame 

was suppressed to the surface of the container.  The centre flame was 
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pulled away to the perimeter of the pan.  The flame was blown by the 

water mist droplets which had a large momentum.  The flame shape was 

distorted.  When the flame or the combustion zone became too thin, the 

combustible vapour inside it did not have enough time to react with oxygen 

and reduced the temperature.  

 

The temperature profile inside the room indicated that when discharging 

water mist, the room temperature decreased immediately.  This is because 

the small mist droplets absorbed the heat from the room environment and 

the flame and evaporated in a very short time.  The cooling effects also 

help water mist systems to extinguish fires.  

 

At the same time, great amounts of steam were observed after water 

evaporated to fill the whole room.  The quick expansion of the volume 

depleted the oxygen near the flame and starved the fire.  
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Chapter 9: Conclusion 

 

 

The WMFSS is an effective and safe fire protection system.  Some 

international authorities, organizations and research groups have paid much 

attention to the system and carried out many studies both experimentally 

and theoretically.  After more than a decade of studies, performance of the 

WMFSS in certain scenarios was accepted widely, like the fact that the 

WMFSS can extinguish large unobstructed liquid fires but not small and 

shielded fires.  The WMFSS can control fires in most scenarios and reduce 

the heat release rate of fires.  Recently, the WMFSS began to be applied in 

different premises like historical buildings and museums.   

 

The nozzle is the most important part of the water mist system.  The 

system performance depends on the nozzle selected giving a good 

distribution pattern as well as to optimize the extinguishing capabilities.  

As there is not much information reported on the water mist nozzles, it is 

difficult to understand how the water mist nozzle works and how fire 

extinguishment is affected.  For the same premises and the same fire 

scenarios, different nozzles provided by different companies require 

different discharging flow rates and pressures.  Therefore, it might lead to 

confusion for designers and users.  In the further study, the low-cost, 

low-pressure and high-reliability type new nozzles need to be developed for 

more reliable and safe usage. 
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The differences among the standard testing protocols in the acceptance 

criteria of the WMFSS and reviewed experiments carried out in the 

literature were reported and 12 sets of full-scale burning tests were chosen 

for detailed study.  The correlation relationship between extinguishing time, 

heat release rate and peak temperature difference for different pressure 

WMFSSs and ventilation conditions were worked out.  It was found that 

the extinguishing time had a polynomial relationship to the heat release rate 

of fire, and the extinguishing time was directly proportional to the peak 

temperature difference.  Although the correlation between the performance 

of the WMFSS and different impacting factors were deduced, the 

mathematical model on the WMFSS under different fire scenarios should be 

worked out.  As fire scenarios with the WMFSS discharging belong to the 

two-phase problem, it is complicated and needs deeper understanding and 

further studies.  

 

A total of four groups of full-scale fire tests were carried out to investigate 

the performance of the WMFSS.  It was found that under the same 

conditions, the fire size affects the performance of the WMFSS.  With 

small liquid pool fire size and solid fuel fires, the continuous discharging 

method was better in extinguishing fire.  When the fire size is larger, the 

difference between cycling discharging and continuous discharging becomes 

smaller.  But when discharging the WMFSS in a cycle, a big cycling ratio 

can achieve a better performance in extinguishing fire.  NRCC conducted 

series experiments on WMFSS with cyclic discharging mode in the 

literature and concluded that the advantages of the cyclic discharging mode 
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is to avoid rapid cooling damage on the protected equipment, reducing water 

damager and forming more water vapor to displace the oxygen.  When 

dealing with the challenge fire scenarios like shield fires and ventilated fire, 

the cyclic discharges WMFSS has better performance.  As the experiments 

conducted were under natural ventilation, the fire source was un-shield and 

low pressure type WMFSS was applied.  Based on the NRCC conclusion, 

if high ventilation rate was provided in the testing compartment, the cyclic 

discharging WMFSS could achieve a better performance.  The pre-burn 

time affects the indoor peak temperature and lowest oxygen concentration 

significantly.  The temperature profile inside a room indicates that when 

discharging water mist, the room temperature decreases immediately.   

 

From CAA�s study, they concluded that the visibility was improved in the 

passenger cabin when applying WMFSS as the system inhibit the smoke 

spreading.  From the full-scale burning experiments conducted in the 

studying period, it was observed that large amount of fine water mist 

droplets were generated to fill the whole room and affected the visibility in 

the compartment.  As the WMFSS was mainly applied in the machinery 

room, gas turbine room, cargo, storage room and so on as the Halon system 

substitute, it was designed to protect the equipment more than the human 

being.  In these cases, the visibility was not a critical designing factor for 

the WMFSS.  But when applying the WMFSS in the premises which have 

occupants, great attention should be paid as the visibility will be affected as 

well as the egress and evacuation.   
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In order to predict WMFSS performance on fire before applying and 

designing the system, computational models should be developed.  But up 

till now, there have been no accurate and widely adopted models provided.  

Therefore, more study on working out the two-phase models for simulating 

the WMFSS acting on fire in a compartment should be carried out. 
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Appendix A: Brief Study on the Thermocouples 

 

A.1 Definition 

 

A thermocouple can be defined as British Standard BS 1041-4 (1992): 

 

Thermocouple is a thermoelectric device for measuring temperature, consisting 

of a pair of dissimilar conductors(thermoelements) connected together at the 

measuring junction which is maintained at the temperature to be measured, the 

circuit loop being closed at a reference junction between the two conductors or 

at two reference junctions to a third conductor. 

 

 

A.2 Operating Principle 

 

When an electrically conducting material is exposed to a temperature gradient, 

free electrons carry a high kinetic energy in the high temperature region.  On the 

contrary, free electrons in the low temperature region have low kinetic energy.  

Due to the difference of the density of free electrons in different parts, these free 
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electrons are forced to move in the same direction due to electron diffusion and 

establish a potential difference along the material.  This potential difference is 

called absolute Seebeck emf (ASTM 470B 1993).   

 

Practically, it is not easy to measure the absolute Seebeck emf in a single 

conductor.  Therefore, two conductors are connected together to form a 

complete circuit.  For these conductors, each one will generate an absolute 

Seebeck emf.  In order to avoid the counterbalance effect from each other, these 

conductors are made of different materials.  The voltage measured from the 

circuit is called the Seebeck electromotive force.   

 

As shown in the thermocouple circuit in Figure 4.6, two conductors A and B are 

joined together at one end and are exposed to temperature T1.  The other end is 

open and exposed to another temperature T0. The open-circuit voltage, i.e. 

Seebeck electromotive force at the open end is measured. The voltage V (Kerlin 

1999): 

)()( 1001 TTSTTSV BA −+−=        �       (A.1) 

where SA and SB  are called as Seebeck coefficients presenting the 

thermoelectric property of the conductor (Kerlin 1999).  The coefficient is 
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independent of the size and shape of the conductor. 

 

After rearranging the equation (4.2): 

))(( 01 TTSSV BA −−=           �        (A.2) 

Expressing the difference of SA and SB as the relative Seebeck coefficient SAB, 

the equation (4.3) can be rewritten as:  

)( 01 TTSV AB −=           �         (A.3) 

For the purpose of scientific and industrial temperature measuring, different 

combinations of metals, alloys and semiconductors are developed and classified 

into 8 types as Type J, T, K, En, N, S, R and B as adopted by America National 

Standards Institute (ANSI) (ISA-MC96.1 1982).   They can measure the 

temperature from -200oC to above 2,000oC.  Some of them can be used in a 

corrosive environment.  The materials, temperature rating, colour coding and 

usage areas for these 8 types of thermocouples are listed in Table 4.2.   

 

 

A.3 Types of Thermocouples 

 

The thermocouple sensor or as it is called thermocouple probe can also be 
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classified into bare-wire thermocouple, sheathed thermocouple and shielded 

sensor thermocouple as shown in Figure 4.7.  

 

A.3.1 Bare-wire thermocouple: 

 

A bare-wire thermocouple directly contacts the monitoring objects and therefore 

it has the fastest response time because the heat transfer resistance is small and 

the heat capacity is small.  It is ideal for measuring rapid temperature change.  

The clear coating provides a humidity barrier for the thermocouple.  However, 

the bare-wire is very vulnerable to physical damage and chemical pollutants.   

 

A.3.2 Sheathed thermocouple 

 

The bare wire wrapped by ribbons of metals with insulating powder inside is 

called a sheathed sensor.  Sheaths with small diameters have faster response 

times; sheaths with larger diameters have longer lives and are better for 

measuring higher temperature.  
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A.3.3 Shielded sensor thermocouple 

 

The sensor is shielded by metals with bare wire or sheathed wire.  The low 

emissivity coefficient of the shielding materials can minimize errors due to 

background radiation.  According to the structure of the shielding, it could be 

further divided into two types as ground junction and un-ground junction.  

 

A.3.3.1 Ground junction 

 

This type of sensor has a junction welded to the tip of the sheath. Wires are 

completely sealed from contaminants.  This type of sensor has a good response 

time.  

 

A.3.3.2 Ungrounded junction 

 

The sensor has a welded junction insulated from the protective sheath and is 

electrically isolated.  Due to its structure, a longer response time is expected.  

It can be used in conductive solutions or where isolation of the measuring 

circuitry is required.  
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There are many technologies in making the junction twisted, bolted, clamped, 

soldered, brazed or welded.  Different techniques should not change the 

measured temperature.  

 

The bare sensor with exposed junction thermocouple has the fastest response 

time but is affected by the radiation heat transfer between the surrounding object. 

As shown in Figure 4.8-a, for a thermocouple with density ρ, volume of the 

sensor V, specific heat of the sensor c, surface area of the sensor As, the rate of 

the temperature change dT/dt, heat transfer coefficient h∞, surface temperature of 

the sensor Ts, measuring temperature T∞, temperature of the radiative objectives 

Tr, emissivity of the sensor sr ,ε  and the Stefan-Boltzmann constant σ, the heat 

transfer procedure is expressed as the following (Incropera and DeWitt 1996; 

Rolle 2000): 

)()( 44
, srssrss

s

TTATTAh
dt
dT

Ah
Vc

−+−−= ∞∞
∞

σερ    �    (A.4) 

As for the bare wire, the emissivity sr ,ε  is very high, so the radiation heat 

transfer from the background objects yields errors in temperature measuring.  

But as the bare sensor has a small heat capacity, the response time to the 

temperature change is very short.  
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As shown in Figure 4.8-b, for a shielded sensor thermocouple with a ground 

junction with density ρ�, volume V�, specific heat c�, surface area As� and 

emissivity sr ,ε , the heat transfer equation is expressed as: 

)('')('
'
''' 44

, srssrss
s

TTATTAh
dt
dT

Ah
cV

−+−−= ∞∞
∞

σερ    �    (A.5) 

Under the same ambient temperature and environment, the shielded material 

providing very low emissivity sr ,ε  can reduce the error due to radiated heat.  

However, the shielded material increases the heat capacity and causes a longer 

response time.  The ungrounded / insulated junction type needs more time for 

heat transfer from the shield to the sensor.  Therefore, the shielded sensor with 

an ungrounded junction has even longer response times.  

 



 A-8  

Appendix B: Experimental Procedures in Lanxi, Harbin, Heilongjiang, 

China, 2005 

 

B.1 Continuous Discharging Method Testing 

 

Test set I: 

 

1.1.1 Add 8L gasoline to a 0.46m diameter round pan to set up a 0.25MW 

pool fire. 

1.1.2 Seal one third of the door opening using a wood panel to achieve 

limited natural ventilation. 

1.1.3 Ignite the fire and wait for a 90s pre-burn time. 

1.1.4 Continuously discharge the WMFSS with a working pressure of 12bar 

and flow rate of 0.2L/s. 

1.1.5 Record the extinguishing time.  Extinguishing time is defined as the 

time period from discharging the water mist system to the fire being 

extinguished. 

1.1.6 If the WMFSS is failing to extinguish the fire, continuously discharge 

the WMFSS until the fire burns out.  
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1.1.7 Record the heat release rate of the fire. 

1.1.8 Record the oxygen concentration in the room. 

1.1.9 Record the fire temperature, room air temperature and the temperature 

of exchanging air at the doorway using three thermocouple trees. 

1.1.10 Record the whole test by video camera. 

 

Test Set II: 

 

1.2.1 Add 14L gasoline to a 0.6m diameter round pan to set up a 0.5MW pool 

fire. 

1.2.2 Keep the door fully open to provide natural ventilation.  

1.2.3 Repeat Steps 1.1.3 to 1.1.10. 

 

Test Set III: 

 

1.3.1 Add 23L gasoline to a 0.81m diameter round pan to set up a 1MW pool 

fire. 

1.3.2 Keep the door fully open to provide natural ventilation. 

1.3.3 Repeat Steps 1.1.3 to 1.1.10. 
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B.2 Cyclic Discharging Method Testing 

 

Test Set IV: 

 

2.1.1 Add 8L gasoline to a 0.46m round pan to set up a 0.25MW pool fire.  

2.1.2 Seal one third of the door opening using a wood panel to achieve limited 

natural ventilation. 

2.1.3 Ignite the fire and wait for a 90s pre-burn time. 

2.1.4 Discharge water mist for 30s at 12bar and 0.2L/s.  

2.1.5 Switch off the system for 30s. 

2.1.6 Discharge water mist for another 30s at 12bar and 0.2L/s. 

2.1.7 Switch off the system for 30s again. The time line for this cycle 

discharging mode is shown in Figure 5.   

2.1.8 Repeat the cycle until the fire is extinguished and then note down the 

extinguishing time. 

2.1.9 If the water mist system fails to extinguish the system, repeat cycles until 

the fire burns out.  

2.1.10 Record the heat release rate of the fire. 

2.1.11 Record the oxygen concentration in the room. 
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2.1.12 Record the fire temperature, room air temperature and the temperature of 

exchanging air at the doorway using three thermocouple trees. 

2.1.13 Record the whole test by video camera. 

 

Test Set V: 

 

2.2.1 Add 8L gasoline to a 0.46m round pan to set up a 0.25MW pool fire.  

2.2.2 Seal one third of the door opening using a wood panel to achieve limited 

natural ventilation. 

2.2.3 Ignite the fire and wait for a 90s pre-burn time. 

2.2.4 Discharge water mist for 30s at 12bar and 0.2L/s.  

2.2.5 Switch off the system for 45s.  

2.2.6 Discharge water mist for another 30s at 12bar and 0.2L/s. 

2.2.7 Switch off the system for 45s again. 

2.2.8 Repeat Steps 2.1.8 to 2.1.13. 

 

Test Set VI: 

 

2.3.1 Add 14L gasoline to a 0.6m round pan to set up a 0.5MW pool fire. 
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2.3.2 Keep the door fully open to provide natural ventilation. 

2.3.3 Ignite the fire and wait for a 90s pre-burn time. 

2.3.4 Discharge water mist for 30s at 12bar and 0.2L/s.  

2.3.5 Switch off the system for 30s. 

2.3.6 Discharge water mist for another 30s at 12bar and 0.2L/s. 

2.3.7 Switch off the system for 30s again. 

2.3.8 Repeat Steps 2.1.8 to 2.1.13. 

 

Test Set VII: 

 

2.4.1 Add 14L gasoline to a 0.6m round pan to set up a 0.5MW pool fire. 

2.4.2 Keep the door fully open to provide natural ventilation. 

2.4.3 Ignite the fire and wait for a 90s pre-burn time. 

2.4.4 Discharge water mist for 30s at 12bar and 0.2L/s.  

2.4.5 Switch off the system for 45s.  

2.4.6 Discharge water mist for another 30s at 12bar and 0.2L/s. 

2.4.7 Switch off the system for 45s again. 

2.4.8 Repeat Steps 2.1.8 to 2.1.13. 
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B.3 Pre-burn Time Testing 

 

Test Set VIII: 

3.1.1 Add 10L diesel to a 0.66m round pan to set up a 0.5MW liquid pool fire. 

 Keep the door fully open to provide natural ventilation. 

3.1.2 Ignite the fire and wait for a 120s pre-burn time. 

3.1.3 Continuously discharge water mist with a working pressure of 12bar and 

flow rate of 0.2L/s. 

3.1.4 Note down the extinguishing time.  

3.1.5 If the water mist system is failing to extinguish the fire, then continuously 

discharge water mist until the fire burns out.  

3.1.6 Record the heat release rate of the fire. 

3.1.7 Record the oxygen concentration in the room. 

3.1.8 Record the fire temperature, room air temperature and the temperature of 

exchanging air at the doorway using three thermocouple trees. 

3.1.9 Record the whole test by video camera. 
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Test Set IX: 

 

3.2.1 Add 10L diesel to a 0.66m round pan to set up a 0.5MW liquid pool fire. 

3.2.2 Keep the door fully open to provide natural ventilation. 

3.2.3 Ignite the fire and wait for a 180s pre-burn time. 

3.2.4 Repeat Steps 3.1.4 to 3.1.9. 

 

B.4 PMMA Solid Fire Testing 

 

Test Set X: 

4.1.1 Set up a PMMA crib fire with a size of 280mm x 280mm x 280mm as 

shown in Figure 2. 

4.1.2 Keep the door fully open to provide natural ventilation.  

4.1.3 Ignite the fire and wait for the fire to become steady. 

4.1.4 Continuously discharge water mist with a working pressure of 12bar and 

flow rate of 0.2L/s. 

4.1.5 Note down the extinguishing time.  Extinguishing time is defined as the 

time period from discharging the water mist system to the fire being 

extinguished. 
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4.1.6 If the water mist system is failing to extinguish the fire, then continuously 

discharge water mist until the fire burns out.  

4.1.7 Record the heat release rate of the fire. 

4.1.8 Record the oxygen concentration in the room. 

4.1.9 Record the fire temperature, room air temperature and the temperature of 

exchanging air at the doorway using three thermocouple trees. 

4.1.10 Record the whole test by video camera. 

 

Test Set XI: 

 

4.2.1 Set up a PMMA crib fire with a size of 280mm x 280mm x 280mm.   

4.2.2 Keep the door fully open to provide natural ventilation.   

4.2.3 Ignite the fire and wait for the fire to become steady. 

4.2.4 Discharge water mist for 30s at 12bar and 0.2L/s.  

4.2.5 Switch off the system for 45s.  

4.2.6 Discharge water mist for another 30s at 12bar and 0.2L/s. 

4.2.7 Switch off the system for 45s again. 

4.2.8 Repeat the cycle until the fire is extinguished and then note down the 

extinguishing time. 
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4.2.9 If the water mist system fails to extinguish the system, repeat cycles until 

the fire burns out.  

4.2.10 Record the heat release rate of the fire. 

4.2.11 Record the oxygen concentration in the room. 

4.2.12 Record the fire temperature, room air temperature and the temperature of 

exchanging air at the doorway using three thermocouple trees. 

4.2.13 Record the whole test by video camera. 
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Appendix C: The Calculation of the Mass Flow Rates for the Twin-fluid 

Type Water Mist Nozzle 

 

Water and air are taken as flowing through a nozzle of length L and cross 

sectional area A (Back et al. 1998):  

wa AAA +=             �             (C.1) 

The mass flow of compressed air with the presence of water awm
.

 leading to the 

same pressure drops to twin-fluids, is expressed as a function of discharge 

coefficient c, two-phase pressure drop pl, gas constant Ra, pressure ratio r, 

isentropic exponent of air χ  and cross sectional area ratio σ (Murdock 1962): 
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The single flow of water with the presence of air is expressed as a function of 

two-phase pressure pl, water density ρw and cross sectional area ratio σ: 
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According to Murdock�s theory; the relationship between the mass flow rate of 

single fluid in the supply pipe and that after the mixing chamber is described as: 
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 to the both sides transform equation (5) into: 

Waa

aWw

a

aw

mm
mm

m
m

&&

&&

&

&
+= 1            �          (C.6) 

 

In order to further simplify the problem, the Lockhart-Martinelli parameter was 

introduced. The parameter X  is defined by the pressure gradient ratio of the 

single fluid in the supply pipe.  

a

W

p
p
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The pressure gradient for water is: 
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The pressure gradient for air is: 
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The φ  appearing in equations (C.8) and (C.9) is the mass ratio of air to 

air-water mixture defined as:  
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The friction factor λ  in equations (C.8) and (C.9) describes the pressure drops 

for the two-phase flow and is expressed as a function of the Reynolds number: 

nC −= Reλ             �           (C.12) 

The two-phase flow in the mixing chamber is under great pressure and contained 

very high momentum, so it is reasonable to assume that flow is fully turbulent, 

i.e. n=0 and therefore λ  is equal to a constant. With the same diameter pipe, by 

substituting equations (C.8), (C.9) and (C.12) into equation (Cl.6), the equation 

becomes: 
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As the whole system operates under high pressure, it is assumed that the flow is 

approaching the incompressible fluid state, i.e. r = 1, so combining equations 

(C.2), (C.3), (C.10), (C.11) and (C.13), equation (C.6) becomes: 
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Equation (C.14) is the final expression for .

.

a

aw

m

m
 and all the parameters in the 

equation could be measured experimentally. 
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Table 3.1: Total-flooding WMFSS division according to the operating 

pressure 

Category OP (bar) Classification 

I 1bar < OP ≦ 17bar Low Pressure System 

II 17bar < OP ≦ 34bar Intermediate Pressure System 

III 34bar < OP ≦ 280bar High Pressure System 

 



T - 2 

Table 3.2: A summary of experiments carried out for aeroplane fire 

Fire Scenario 
Year Author 

Aeroplane Venti-
lation Fuel 

WMFSS Results 

1988 
 

Whitfield 
et al. 

Trident 
Two 

Airplane 
N/A 

900L 
Kerosene 

& 20L 
petrol in 

19m2 trays 
and fully 
finished 

with 
seating 

Dual flow 
WMFSS 
system 

(1) Reduced the fire 
damage by delaying 
the penetration of an 
external kerosene 
pool fire through the 
fuselage. 

(2) Controlled the 
temperature and 
prevented 
�flashover� in the 
cabin. 

(3) Inhibited the spread 
of toxic gas 
throughout the 
cabin. 

(4) Improved the 
visibility in the 
cabin. 

(5) Increased the 
survival time for 
evacuation 

1992 
Cousin  
et al. 

Boeing 
707 

Airplane 

1.7m 
x 

0.9m 
wind 
speed 
0.5m/

s 

Burning jet 
fuel 

Dual flow 
WMFSS 

system with 
total 

application 
and zone 

application

(1) Reduced the 
temperature in the 
cabin. 

(2) Zone application is 
more effective. 

(3) Reduced the 
concentration of 
toxic gases and 
increased the egress 
time by 2 minutes. 

1993 Hill et al. 
Boeing 

707 
Airplane 

70 x 
42 

inch 

8 x 10ft 
burning jet 

fuel 

Dual flow 
WMFSS 

(1) Increased the egress 
time by 2 to 3 
minutes. 
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Table 3.3: Summary of acceptance criteria in UL 2167 

Premises Fire hazard WMFSS Acceptance Criteria 

Shipboard Machinery 
Space Category A Engine 

Room 

Fuel or light diesel oil; 
lubrication oil and 

hydraulic oil 

Maximum distance and 
maximum volume per nozzle 

Extinguishing the tested fires completely and preventing 
re-ignition. 

Shipboard Passenger Cabin 
<12m2 

Bunk Beds with 
mattresses having a 
cotton fabric cover 

Not more than two automatic 
water mist nozzles should be 

activated 

(1) No flashover occurs in the passenger cabin or corridor except 
in the Disabled Nozzle Fire Test. 

(2) The maximum average ceiling temperature in the cabin; 
average gas temperature in the cabin, ceiling temperature in the 
corridor and maximum damage to the fire source at 30s after 
ignition of the fire is used as the performance criteria. 

(3) Fire shall not propagate in the corridor beyond the nozzle 
adjacent to the door opening. 

Shipboard Passenger 
Cabins > 12m2 

Wooden crib and 
simulated furniture 

Maximum space between 
nozzles with 75mm below the 

ceiling 

(1) The maximum ceiling temperature 6.4mm behind the ceiling 
surface ≤ 260oC. 

(2) The maximum temperature 76mm below the ceiling ≤ 316oC. 
(3) The fire source shall not be completely consumed. 
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Premises Fire hazard WMFSS Acceptance Criteria 

(4) No flashover occurs in the cabin. 

Shipboard Low Hazard 
Areas 

One full sofa and two 
half target sofas 
constructed from 

polyether mattresses 
fitted with a cotton 

fabric cover 

Maximum space between 
nozzles 

(1) The open public space fire shall be suppressed or controlled by 
no more than a 50% consumption of the mattresses in any 
single test or an average loss not greater than 35% in any series 
of open and corner fire tests conducted at the same ceiling 
height excluding the disabled nozzle fire test. 

(2) There shall be no ignition or charring of either the target sofa in 
the corner public space fire test excluding the disabled nozzle 
fire test. 

(3) There shall be no more than 50% consumption of either the 
target sofa in the corner public space fire test described in 
43.2.3 when the nozzle closest to the corner is disabled. 

(4) The maximum 30s average ceiling surface temperature above 
ignition, measured using a thermocouple embedded in the 
ceiling such that its bead is flush with the ceiling, shall not 
exceed 360°C. The maximum 30s average ceiling gas 
temperature, measured 75 ± 1mm below the ceiling, shall not 
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Premises Fire hazard WMFSS Acceptance Criteria 

exceed 220°C when measured: 
a) In four locations 1.8m from ignition for the open area 

public space fire tests. 
b) 0.2m horizontally outward from the nozzle closest to the 

corner for the corner public space fire tests. 

Shipboard Ordinary hazard 
Areas 

Two piled stacks of 
corrugated cartons and 

one packed with 
polystyrene 

unexpanded plastic 
cups with 300mm flue 

space 

Two nozzles are located in a 
plane perpendicular to the 

longitudinal flue space 

(1) No ignition or charring of target cartons. 
(2) Limited damage to no more than 50% of the plastic cups in the 

fire source cartons. 
(3) Ceiling steel temperatures shall not exceed 540oC for more than 

5 minutes. When the temperature exceeds 540oC for between 1 
and 5 minutes, the use of a non-combustible ceiling 
construction shall be specified in the manufacturer�s design and 
installation instructions. 

Residential Area 

Wooden crib of 305 x 
305 x 105mm and 
simulated furniture 

which consists of two 

Two pressurized nozzles 
located furthest from the 

corner with the fuel package 
and the nozzle located at the 

(1) The maximum temperature 76mm below the ceiling in the 
centre of the area shall not exceed 316oC. 

(2) The maximum temperature 1.6m above the floor in the centre 
of the area shall not exceed 93oC. 
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Premises Fire hazard WMFSS Acceptance Criteria 

76mm thick uncovered 
pure polypropylene 

oxide polyol, polyether 
foam cushions. 

door furthest from the fire shall 
not operate 

(3) The temperature 0.6m above the floor in the centre of the area 
shall not exceed 54oC for more than any continuous 2-minute 
period. 

(4) The maximum ceiling material temperature 6mm behind the 
finished ceiling surface directly over the centre of the wooden 
crib shall not exceed 260oC. 

Light Hazard Area 
Wooden crib of 510 x 

510 x 380mm 

Four water mist nozzles 
installed 75mm below the 

ceiling 
The average loss of weight of wooden cribs ≤ 35%. 

Ordinary hazard Group 1 

4 x 5 x 2 array of Class 
II commodity with 

150mm longitudinal 
and transverse flue 

spaces, 

Nozzles are installed in the 
manner that there is at least 

one un-operated nozzle beyond 
each operating nozzle 

(1) Steel temperature ≤ 540oC within 5 minutes.  When the 
temperature > 540oC within 5 minutes, the use of a 
non-combustible ceiling construction shall be specified. 

(2) All damage to the target commodity ≤ 50%. 
(3) No damage to the outer faces of the storage array. 
(4) No breaching or flashover of the ceiling. 

Ordinary hazard Group 2 
Stacks of corrugated 

cartons which are 2 x 3 
Four or nine water mist 

nozzles at manufacturer�s (1) Ceiling steel temperature ≤ 540oC within 5 minutes.  When 
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Premises Fire hazard WMFSS Acceptance Criteria 

x 3 and target arrays 
with 1 x 2 x 3 which 

are packed with 
polystyrene 

unexpanded plastic 
cups with a 305mm 

flue space. 

option. the temperature > 540oC within 5 minutes, the use of a 
non-combustible ceiling construction shall be specified. 

(2) Damage to the Group A plastic commodity in the main storage 
array < 60% in the open area fire tests. 

(3) Damage to the Group A plastic commodity in the main storage 
array < 50% in the corner fire tests. 

(4) Damage to the plastic cups in the Group A plastic commodity 
target arrays < 5%. 

(5) No ignition or charring of the empty cardboard carton target 
arrays. 

(6) No breaching or flashover of the ceiling. 
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Table 3.4: The acceptance criteria for the water mist fire suppression system for different premises by FM design protocol 
 

Premises Fire source WMFSS Acceptance criteria 

Machinery spaces ≤ 80m3 Diesel fuel Operate without manual intervention All tested fires should be extinguished. 

Special hazard Machinery spaces 
≤ 80m3 Heptane fuel Operate without manual intervention All tested fires should be extinguished. 

Combustion Turbines ≤ 80m3 Diesel fuel Operate without manual intervention

(1) The shield diesel spray, diesel pool fire 
should be extinguished. 

(2) In no fire test, should the heat flux 
resulting from the water mist system 
discharge have adverse effects on the 
turbine. 

(3) Both spray and insulation mat fires should 
be extinguished. 

(4) The large insulation mat fire should be 
controlled. 

80m3 < Machinery spaces ≤ 
260m3 

Diesel fuel Operate without manual intervention All tested fires should be extinguished. 
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Premises Fire source WMFSS Acceptance criteria 

80m3 < Special hazard machinery 
spaces ≤ 260m3 Heptane fuel Operate without manual intervention All tested fires should be extinguished. 

80m3 < Combustion turbine ≤ 
260m3 

Diesel fuel Operate without manual intervention

(1) The shield diesel spray, diesel pool fire 
should be extinguished. 

(2) In no fire test, the heat flux resulting from 
the water mist system discharge should 
have no adverse effects on the turbine. 

(3) Both spray and insulation mat fires should 
be extinguished. 

(4) The large insulation mat fire should be 
controlled. 

Machinery spaces and special 
hazard machinery spaces > 260m3 

Diesel fuel, 
heptane fuel and 
wooden crib with 

a size of 305 x 
305 x 305mm 

Operate without manual intervention

(1) Extinguish the diesel spray fires. 

(2) Suppress the diesel pool fire. 

(3) Suppress the heptane pool fire. 

(4) Extinguish the flowing heptane fire. 

(5) Extinguish the wooden crib fire and 
heptane pool fire. 
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Premises Fire source WMFSS Acceptance criteria 

Combustion turbines > 260m3 

Diesel fuel, 
heptane fuel and 
wooden crib with 

a size of 305 x 
305 x 305mm 

Operate without manual intervention

(1) Extinguish the diesel spray fires. 
(2) Suppress the diesel pool fire. 
(3) Suppress the heptane pool fire. 
(4) Extinguish the heptane flowing fire. 
(5) Extinguish the wooden crib fire and 

heptane pool fire. 
(6) Extinguish the spray fire and suppress the 

insulation mat fire. 
(7) In no fire test, the heat flux resulting from 

the water mist system discharge should 
have no adverse effects on the turbine. 

Light hazard occupancies 

Bunk beds, sofas, 
wooden crib and 

simulated 
furniture 

(1) Single water mist nozzle used in 
small compartment test. 

(2) At least four water mist nozzles 
used in large compartment test. 

(3) Minimum of sixteen nozzles 
shall be installed in the ceiling at 

the maximum nozzle spacing. 

(1) In small compartment test with bunk beds 
as fire source: 
a) Damage to the bunk bed is to be 

limited to 40% by volume or dry 
weight. 

b) The maximum ceiling surface 
temperature over ignition ≤ 260oC. 

c) The maximum gas temperature over 
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Premises Fire source WMFSS Acceptance criteria 

ignition 76mm below the ceiling ≤ 
315oC. 

(2) In large compartment test with corner cribs 
as fire source: 
a) Doorway nozzles shall not operate. 
b) The maximum ceiling surface 

temperature over ignition ≤ 265oC. 
c) The maximum gas temperature over 

ignition 76mm below the ceiling ≤ 
315oC. 

(3) In open space test with four sofas as the 
fire source: 
a) No more than five nozzles shall 

operate and at least one nozzle shall 
remain un-activated beyond each 
operating nozzle. 

b) Damage to sofas ≤ 50% by volume or 
dry weight. 

c) The maximum ceiling surface 
temperature over ignition ≤ 260oC. 

d) The maximum gas temperature over 
ignition 76mm below the ceiling ≤ 
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Premises Fire source WMFSS Acceptance criteria 

315oC. 

Wet benches 
Polypropylene 
and flammable 

liquid 

Water mist system shall be installed 
as specified in the manufacturer�s 

design manual for surface 
protection. 

(1) Extinguish any fires within 60s or less 
(time from system activation). 

(2) The spray of a single nozzle, or 
combination of nozzles, shall not cause a 
spool of heated liquid to splash any of its 
contents outside a nominal 406mm 
diameter circle, centred about the target 
pan. 

Local application Diesel fuel and 
heptane fuel 

a) Nozzles shall be in a uniform grid 
pattern above the pool fire. 

b) The ratio of total number of 
nozzles in the grid versus the pool 

area shall remain constant. 
c) The nozzle grid elevation above 

the pool shall remain constant for 
all pool sizes. 

d) The ratio of spray coverage areas 
versus pool area shall remain 

constant. 

(1) Square diesel pool fire is to be 
extinguished and the extinguishment time 
shall not be affected by pool size within ± 
30% for each of the fire tests. 

(2) Channel diesel pool fire is to be 
extinguished and the extinguishment time 
shall not be affected by channel length to 
within ± 30% of each of the fire tests. 

(3) The heptane spray fire is to be 
extinguished. 
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Premises Fire source WMFSS Acceptance criteria 

(4) The square diesel pool fire combined with 
a 6MW diesel spray fire is to be 
extinguished. 

(5) Obstructed square diesel pool fire is to be 
extinguished. 

(6) Offset square diesel pool fire is to be 
extinguished. 

(7) 6MW diesel spray fire with an external 
ignition source is to be extinguished. 

Industrial oil cookers Cooking oil 

The nozzles may be placed inside or 
outside the industrial oil cooker and 
shall be located in accordance with 

the Manual supplied by the 
manufacturer. 

(1) Any auto-ignition fire (AIT) inside the 
industrial oil cooker mock-up should be 
extinguished. 

(2) All open flames shall be extinguished 
within one minute from the discharge of 
mist from any nozzle. 

(3) The water mist system shall prevent, and 
not cause, any significant thermal damage 
to the industrial oil cooker by ensuring 
that, at the completion of system 
discharge, the average oil temperature 
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Premises Fire source WMFSS Acceptance criteria 

inside the pan, using all thermocouples, 
shall be lower than 200oC. 

(4) The required extinguishing agent quantity 
is double the time needed to extinguish the 
worst case fire scenarios, time to shut 
down heating and process equipment, or 
10 minutes, whichever is greater. The 
water mist system discharge shall not 
exceed 30 minutes. 

(5) During the discharge of the water mist 
system, there should be no excessive fire 
flare-ups, micro explosions of oil reacting 
with water, or splashing of the burning oil. 
At least, activation of the system shall not 
create any additional fire hazard by 
spreading out the burning oil in the 
vicinity of the industrial oil cookers. 

Computer room sub-floors Heptane cup fire 
The maximum nozzle spacing and 

minimum operating nozzle pressure 
(1) Extinguishment achieved in the telltale fire 

test and the cable fire test. 
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Premises Fire source WMFSS Acceptance criteria 

shall be used for all tests. Operate 
without manual intervention. 

(2) Moisture concentration fire test is used to 
verify whether an unacceptable level of 
moisture infiltration occurred due to the 
water mist discharge inside the sub-floor. 
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Table 4.1: Test conditions and arrangement 

No. 
Fire 

source 
Size of fire

Ventilation 
condition 

Discharging 
mode 

Pre-burn 
time 

i 
Gasoline 
pool fire

0.25MW 
Limited natural 

ventilation 
Continuous 90s 

ii 
Gasoline 
pool fire

0.5MW 
Natural 

ventilation 
Continuous 90s 

iii 
Gasoline 
pool fire

1MW 
Natural 

ventilation 
Continuous 90s 

iv 
Gasoline 
pool fire

0.25MW 
Limited natural 

ventilation 

Cycling 
discharge with 

ψ = 1 
90s 

v 
Gasoline 
pool fire

0.25MW 
Limited natural 

ventilation 

Cycling 
discharge with 
ψ = 1.5 

90s 

vi 
Gasoline 
pool fire

0.5MW 
Natural 

ventilation 

Cycling 
discharge with 

ψ = 1 
90s 

vii 
Gasoline 
pool fire

0.5MW 
Natural 

ventilation 

Cycling 
discharge with 
ψ = 1.5 

90s 

viii 
Diesel 

pool fire
0.5MW 

Natural 
ventilation 

Continuous 120s 

ix 
Diesel 

pool fire
0.5MW 

Natural 
ventilation 

Continuous 180s 

x 
PMMA 
crib fire

280 x 280 x 
280(mm) 

Natural 
ventilation 

Continuous 

when the 
fire 

becomes 
steady 

xi 
PMMA 
crib fire

280 x 280 x 
280(mm) 

Natural 
ventilation 

Cycling 
discharge with 
ψ = 1.5 

when the 
fire 

becomes 
steady 
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Table 4.2: Temperature rating for thermocouples 

Type Material Temperature rating Colour coding Special using area 

J Iron / Copper-nickel 0oC to 760oC White Particularly suitable for use in reducing atmospheres; should 
not be used in sulphur-bearing atmospheres. 

T Copper / 
Copper-nickel -200oC to 370oC Blue 

Resistant to corrosion in moist atmospheres; suitable for 
subzero temperature measurements; should not be used under 

neutron irradiation. 

K Nickel �chromium / 
Nickel-aluminum -200oC to 1,260oC Yellow Most common used type in industries; used continuously in 

oxidizing or inert atmospheres; suitable for cryogenic use. 

E Nickel-chromium / 
Copper-nickel -200oC to 900oC Purple 

Has highest output with temperature range from cryogenic 
temperatures up to 900oC in oxidizing or inert atmosphere or 

1,000oC for intermittent use and also have good stability. 

N Nickel-chromium-sil
icon/ Nickel-silicon -200oC to 1,260oC Orange 

Continuously up to 1,100oC and intermittently up to 1,250oC; 
used at cryogenic temperatures; has better stability at higher 

temperatures and enhanced oxidation resistance.  

S Platinum - 10% 
rhodium/ platinum 0oC to 1,480oC None established Used in reducing conditions provided that care is taken that 

insulators and sheathing materials are free of silicon. 

R Platinum - 13 % 
rhodium / platinum 0oC to 1,480oC None established Used in reducing conditions provided that care is taken that 

insulators and sheathing materials are free of silicon. 
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B 
Platinum � 30% 

rhodium / platinum 
-6% rhodium 

870oC to 1,700oC None established Used in reducing conditions provided that care is taken that 
insulators and sheathing materials are free of silicon. 
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Table 5.1: Water Mist Nozzle Products Provided in the Market 
 

 FM-Approved Others 

System 
Fike 

Protection 
System 

Grinnell 
Aquamist 

Nozzle (AM-10)

GW Water mist 
M-series nozzle

High-fog 
high 

pressure 
system 

Securiplex 
(BP 

Technolog
y) Nozzle

Kidde Fenwal 
Mist Nozzle 

Reliable 
Mistafire 
Nozzle 

HAI/NRL 
Modified 
Spraying 

System Nozzle 

Nozzle 
Type 

Air-atomizi
ng 

Impingement 
High Water 

Pressure Only 

Single 
Fluid; High 

Pressure 

Air-atomi
zing 

High Water 
Pressure Only

High Water 
Pressure Only 

High Water 
Pressure Only 

System 
Type 

Twin Fluid, 
Intermediat
e Pressure 

Single Fluid; 
Low Pressure 

Single Fluid; 
Low Pressure 

High Water 
Pressure 

Only 

Twin 
Fluid; 
Low 

Pressure 

Single Fluid; 
Low Pressure

Single Fluid; 
High Pressure 

Single Fluid; 
High Pressure 

Operating 
Pressure 

(Min) 
21bar 12bar 3.5bar 80bar 5.5bar 12bar 70bar 70bar 

K-factor 
1.75Lpm/ba

r1/2 
3.5Lpm/bar1/2 5 Lpm/bar1/2 N/A 

2.2Lpm/ba
r1/2 

3.4Lpm/bar1/2 0.9Lpm/bar1/2 0.75Lpm/bar1/2 

Applicatio
n Rate 

8Lpm/m2 5.0Lpm/m2 9.4Lpm/m2 N/A 
2.2Lpm/m

2 
4.8Lpm/m2 3.9Lpm/m2 2.7Lpm/m2 
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 FM-Approved Others 

Example 

  

N/A 
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Table 5.2: Mean Droplet Diameter 

 

p q p-q (order) Symbol
Name of mean 

diameter 
Expression 

1 0 1 10D  
Linear (arithmetic)

mean diameter i

ii

n
dn

Σ
Σ

 

2 0 2 20D  
Surface area mean 

diameter 

2/12









Σ

Σ

i

ii

n
dn

 

3 0 3 30D  
Volume mean 

diameter 

3/13









Σ

Σ

i

ii

n
dn

 

2 1 1 21D  
Surface are/length

mean diameter ii

ii

dn
dn

Σ
Σ 2

 

3 1 2 31D  
Volume/length 

mean diameter 

2/13









Σ
Σ

ii

ii

dn
dn

 

3 2 1 32D  
Volume/Surface 
mean diameter: 

(Sauter or SMD) 
2

3

ii

ii

dn
dn

Σ
Σ

 

4 3 1 43D  

Mean diameter 
over volume (De 

Brouckere or 
Herdan) 

3

4

ii

ii

dn
dn

Σ
Σ
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Table 6.1: Summary of selected literature experimental results 

 
Fire Scenarios 

Year Author 
Room Ventilation

Estimated Heat 
Release Rate 

WMFSS Results 

1988 
Whitfield 

et al. 

Trident 
Two 

Airplane 

Closed 
chamber 

Around 6.5MW 
SAVE System 
Ltotal = 180 L 

Tests followed Civil Aviation Authority instructions. 
 
No significant damage in the sprayed area of the 
fuselage, e.g. soft plastic which was less than 0.5m 
away from the melting aluminum was undamaged. 
Therefore, the system can delay the spreading of the 
fire and ignition of cabin furnishings. 
 
Maintaining the spray below 66oC despite there being a 
temperature of 1,400oC less than 2m away, i.e. ∆T ≈ 
1,334oC. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1993 Hill et al.
B-707 

Airplane 

Natural 
ventilation 
with 1.9m2 

opening 

Around 2.34MW
SAVE System 

Lo = 1Lpm 

Tests followed Civil Aviation Authority instructions. 
 
For narrow-body test: 
Delayed the occurrence of flashover from 5 minutes to 
more than 7 minutes and increased the survivability 
time for 2 minutes for no wind scenario. 
 
Delayed the occurrence of flashover from 150s to 300s 
and increased the survivability time for 215s for 
moderate wind scenario. 
 
For wide-body test: 
Delayed the occurrence of flashover from 210s to more 
than 5 minutes, and the survivability time more than 2 
minutes for moderate wind scenario. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1993 
Arvidson 

et al. 

12m2 
floor 
area 

60l/s air 
flow 

0.055MW to 
1.5MW 

Lechler: 
Lo = 10.1Lpm 

Po = 4.0 - 
130bar 

Tests followed the UL 1626 standard. 
 
When the nozzles were located 1.3m from the end wall, 
while the operation pressure increased from 10bar to 
40bar, the rate of heat release was slightly affected. 
 
When the nozzles were moved to the 2.5m position, the 
increasing of operation pressure to 40bar and 130bar, it 
achieved better results because of more direct wetting. 

1993 
Cousin et 

al. 

32.8m3 
space 

volume 

Natural 
ventilation 
with 5m2 
openings 

(4m2 
windows 
and 1m2 

door) 

0.1-0.5MW 
(0.1, 0.2, 0.5MW)

SAVE system 
Po = 10bar 
Lo = 0.24 � 

1Lpm 

Tests followed Civil Aviation Authority instructions. 
 
For the 0.1MW fire with 3.2% ventilation using a twin 
fluid nozzle, the plume temperature suddenly increased 
∆T = 150oC (from 600oC to 700oC) when the spray was 
on and then the fire was controlled quickly with a 
temperature drop to 400oC.  It indicated that fire size 
grew bigger during the short period after the water mist 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

system just discharged. 
 
In the case when water mist cannot extinguish fire, 
small fires were easier to control, e.g. for 0.1MW fire, 
∆T = 300oC (from 800oC to 500oC) but for 0.5MW fire, 
∆T = 100oC (from 900oC to 800oC). 

1993 
Simpson 

et al. 
PCBs 

Closed 
chamber 

Not provided 
Kidde-Fenwal 
Lo < 30Lpm 

No specified standards followed. 
 
Temperature suddenly dropped, ∆T = 250oC (from 
750oC to 500oC) within only 10s. 
 
No damage to the electrical equipment contained in the 
bay. Bays could be fully operated when they were fully 
dry after 60min. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1995 Pepi et al.
500m3 
space 

volume 

Natural 
ventilation 
with 4m2 
opening 

(2m x 2m 
doorway) 

� 14.0MW 
(1.1,1.2,2.0,6.6,7.
1,10.1,14.0MW) 

AquaMist 
AM10 

Po = 11.7bar / 
Lo = 12Lpm 

Tests followed the International Maritime Organization 
IMO MSc 668. 
 
Comparing larger diesel spray fires with smaller ones, 
the extinguishing time ∆textinguishing = -370s (from 80s to 
450s). 
 
For 2.0MW diesel spray fire, when the ceiling to nozzle 
height increases by 0.7m (from 0.2m to 0.9m) 
∆textinguishing= 28s (from 52s to 80s) 
∆T = 100oC (from 1,000oC to 900oC) 
 
For 10.1MW heptane pool fire, when the ceiling to 
nozzle height increases by 0.7m (from 0.2m to 0.9m) 
∆textinguishing = 9s (from 261s to 252s) 
∆T = 70oC (from 900oC to 830oC) 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1996 
Back  
et al. 

962m3 
space 

volume 
20 ACH 

3.5 � 7.5MW 
(3.5,4.5,6.5,7.5M

W) 

Baumac 
MicroMist 

system 
Po = 7bar / Lo = 

3.8Lpm 
Grinnell 

AquaMist 
System (AM10) 
Po = 12bar / Lo 

= 12Lpm 
Marioff Hi-fog 

System 
Po = 210bar / Lo 

= 17.4Lpm 
Modified 
Spraying 

System 7N 

Tests followed Naval Research Laboratory instructions. 
 
For single level nozzle installation, the extinguishment 
times observed in the simulated machinery space are 
less than those observed in the empty space due to the 
reduction in net volume of the space by adding the 
equipment mock-up, e.g. ∆textinguishing ≈ 60s. 
 
The lower flash point fuel is clearly a worst case 
scenario, e.g. the extinguishing times are almost double 
for heptane fire than diesel fuel fire. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

Po = 70bar / Lo 
= 9.2Lpm 

1997 Wu et al.
753m3 

Wet 
Bench 

0.3 � 
0.45m/s 

airflow rate
No No 

Tests followed the Factory Mutual design protocol. 
 
The extinguishing time is a parabola distribution along 
with the pan diameter; the peak value is at 6 inch pan 
with an extinguishing time of 20s for surface 
protection. 
 
Extinguishing time also peaks at 153mm pan with 
extinguishing time of 40s. Besides that, for most pan 
sizes, the extinguishing times were almost the same at 
around 10-20s. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1997 Pepi et al.

500m3 / 
1,200m3 

space 
volume 

Natural 
ventilation 
with 4m2 
opening 

(2m x 2m) 

0.9 - 28.4MW 
(0.9,1.1,1.2,2.0,2.
1,2.4,5.3,6.6,10.5,

15.8MW) 

AquaMist 
AM10 

Po = 11.7bar / 
Lo = 12lpm 

Tests followed International Maritime Organization 
MSc 668. 
 
Room volume increases 2.4 times (from 500m3 to 
1,200m3), the average extinguishing time textinguishing 

also increases 2.7 times which is in close agreement 
with the room size. 
 
The extinguishing time text increases 1 to 1.5 times for 
doorway open compared to doorway closed. 
 

1998 
Back  
et al. 

560m3 
space 

volume 

Natural 
ventilation 
with 4m2 
opening 

0.1-6MW 
(0.1,0.2,0.25,0.6,0
.8,1.0,1.2,1.6,2.0,

3.3,6.0MW) 

Grinnell 
AquaMist 

Nozzle (AM10) 
Po = 12bar / Lo 

=12Lpm 
Kidde-Fenwal 

Tests followed Naval Research Laboratory instructions. 
 
The larger the fire, the shorter the extinguishing time. 
Comparing fire size of 1MW to 6Mw, ∆textinguishing = 
408s (from 468s to 60s). 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

Nozzle 
Po = 12bar /Lo = 

11.8Lpm 
Reliable 

MistaFire 
Nozzle 

Po = 70bar / Lo 
= 7.5Lpm 
Securiplex 

System 2000 
Po = 5.5bar air / 

5.5bar water 
Modified 
Spraying 
Nozzle 

Po = 70bar / Lo 
= 6.3Lpm 

For unshielded fire, with the same fire size, pan fire is 
more difficult to extinguish than spray fires, e.g. for 
3MW, ∆textinguishing = 720s (from 810s to 90s) for pan 
fire and spray fire. 
 
Ventilation affects the efficiency of the water mist fire 
suppression, e.g. for 2MW, ∆textinguishing = 840s (from 
900s to 60s) for open and closed compartments. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1999 Liu et al.
132m3 
space 

volume 

1.8m2 
(2m x 0.9m 
doorway) 
1.68m2 

(3 x 0.56m2 
windows) 

0.25m2 
(0.5m x 

0.5m vent) 

0.05MW � 
0.52MW 

(0.05,0.15,0.5,0.5
2MW) 

Twin-fluid 
nozzle: 

Po = 5.78bar 
(water) / 

5.67bar (air) 
Lo = 5L/min 

Tests followed National Research Council Canada 
instructions. 
 
For no ventilation, with partially shielded round pan 
fire, using continuous discharge methods could reduce 
both extinguishing time and flow rate compared to the 
cycling discharge methods: 
 
Extinguishing time ∆textinguishing = 100s (from 210s to 
110s) 
 
Flow rate ∆L = 18L/m2 (from 21.34L/m2 to 3.3L/m2) 
 
For forced ventilation, with shielded spray fire, using 
continuous discharge methods could reduce both 
extinguishing time and flow rate compared to the 
cycling discharge methods: 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

Extinguishing time ∆textinguishing = 283s (from 510s to 
227s) 
 
Flow rate reduced by 11.3L/m2 (from 15.6L/m2 to 
4.3L/m2) 
 
For natural ventilation and forced ventilation, 
∆textinguishing = 52s (from 220s to 168s); the reason for 
this is that with the assistance of more fresh air, the fire 
is bigger in cycling discharge conditions and the fire 
consumes more oxygen and produces more steam, 
resulting in early extinguishment. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1999 
Williams 

et al. 

972 m3 
space 

volume 

3 doors 
provided; 

A H =6.2

m5/2 

0.5-5.0 MW 
(0.5,1.0,2.5,5.0 

MW) 

Spraying 
System 7N 
Po = 70 bar 

Tests followed National Research Laboratory 
instructions. 
 
The higher the mist delivery efficiency, i.e. unshielded 
fire source, the shorter the extinguishing time, 
∆textinguishing = 186s (from 210s to 24s) 
 
For 1.0MW heptane spray fire, the fire burn time 
tfire-burn which is equal to the sum of pre-burn time 
tpre-burn and extinguishing time text, maintains almost 
constant. tfire-burn = tpre-burn+textinguishing ≈ Constant. This 
may be due to the increasing of compartment 
temperature and decreasing of oxygen concentration 
for long pre-burn time and then lead to a shorter 
extinguishing time. 
When reducing working pressure ∆P = 46bar (from 
70bar to 24bar), the extinguishing time extended 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

∆textinguishing = - 300s (from 60s to 360s). 
 
In the ventilated condition, for 1MW heptane spray 
fire, ∆textinguishing = 90s (from 270s to 180s), but for 
2.5MW heptane spray fire, ∆textinguishing = 5s (from 100s 
to 95s), only 5s. 
 
Reducing the compartment volume by half, 
HRR> 1MW, the extinguishing time reduces by 30%; 
HRR ≤ 1MW, the extinguishing time decreases by 
50%. 

1999 
Back  
et al. 

105m3 
space 

volume 

Natural 
ventilation: 

1.7m2 
(0.85 x 
2.0m 

doorway) 

0.25-1.0MW 
(0.25,0.5,0.51,1.0

MW) 

Chemetron-CFS 
Po=12bar / Lo = 

4.5Lpm 
Fike-Micromist 
Po = 21bar / Lo 

= 8Lpm 

Tests followed the Naval Research Laboratory 
instructions. 
 
For certain ventilation conditions (natural ventilation 
condition), when fire grew bigger from 0.25MW to 
1MW, the extinguishing time decreased, ∆textinguishing = 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

Grinnell � 
Aquamist 

Po = 13bar / Lo 
= 12.7Lpm 
Fogtec Fire 
Protection 

Po = 100bar / Lo 
= 1.1Lpm 
US Navy�s 
Water mist 

Po = 70bar / Lo 
= 11.3Lpm 

220s (from 250s to 30s). 
 
The higher the ventilation rate, the longer the 
extinguishing time. For instance, for HRR = 0.5MW, 
with natural ventilation, the text = 40s but for forced 
ventilation text = 120s, with text = 80s. 
 
When the fire size became bigger, the ventilation had 
less impact on the performance. For 0.5MW, textinguishing 
= 80s but for 1.0MW, textinguishing = 5s between the 
natural ventilation and forced ventilation. 
 



T -36 

Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

1999 
Back  
et al. 

500m3 
space 

volume 

Natural 
ventilation: 
10m2 vents 
and 4.4m2 
doorways 

0.1-6.0MW 
(0.1,0.5,0.75,1.0,1

.5,3.0,6.0MW) 

UL/NFPA-15 
Po = 7bar / Lo = 

44.6Lpm 
Generic 1 

Po = 5bar / Lo = 
9.62Lpm 
Generic 2 

Po = 70bar / Lo 
= 8.4Lpm 
Generic 3 

Po = 10bar / Lo 
= 7.53Lpm 
Generic 4 

Po = 70bar / Lo 
= 7.53Lpm 
Generic 5 

Po = 35bar / Lo 

Tests followed the Naval Research Laboratory 
instructions. 
 
The larger the fire, the shorter the extinguishing time. 
Comparing fire size of 1MW to 6MW, ∆textinguishing= 
102s (from 150s to 48s). 
 
The larger the obstruction, the longer the extinguishing 
time. For 1m distance between the fire and obstruction, 
comparing 1m obstruction and 0.5m obstruction, 
∆textinguishing = 14s (from 31s to 17s). 
 
The longer the distance between the obstruction and 
fire source, the less impact from the size of obstruction. 
For 1m distance, ∆textinguishing = 14s (from 31s to 14s), 
but for 3m distance, ∆textinguishing = 2s (from 10s to 8s). 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

= 2.54Lpm 
Generic 6 

Po = 70bar / Lo 
= 15.9Lpm 

For 1.0MW spray fire, when changing the fire 
elevation from 3m above the deck to 1m above the 
deck, ∆textinguishing = 21s (from 29s to 8s). When the fire 
size became small, the text would also get small, e.g. 
for 1.0MW, text=21s but for 0.5MW, textinguishing=16s. 
 

2000 
Back  
et al. 

3,000m3 
space 

volume 

Natural 
ventilation: 

92m2 
opening and 

1.52m2 
doorway 

2.5-10MW 
(2.5,5,7.5,10MW)

Low Pressure 
System 

Po = 5bar / Lo = 
9.6Lpm 

Intermediate 
Pressure System 
Po = 21bar / Lo 

= 14.2Lpm 
High Pressure 

System 
Po = 70bar / Lo 

Tests followed Naval Research Laboratory instructions. 
 
The performance of the water mist system are superior 
in the zoned application than that in the total protection 
case, e.g. for 10MW ventilated fire, ∆textinguishing = - 
350s (from 420s to 780s) from zoned application case 
to the total protection case. 
 
The larger the fire, the shorter the extinguishing time. 
Comparing fire size of 2.5MW and 10MW, ∆textinguishing 
= 1150s (from 1,500s to 350s). 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

= 8.4Lpm 
Low Flow High 
Pressure System 
Po = 70bar / Lo 

= 4.2Lpm 

 
The larger the fire size/compartment volume ratio, the 
shorter the extinguishing time. Comparing fire size/ 
compartment volume ratio from 0.8 to 5, ∆textinguishing = 
- 1,320s (from 1,500s to 180s). 
 

2001 
Back  
et al. 

500m3 
space 

volume 

Natural 
ventilation:
8m2 vents 

0.1-6MW 
(0.1,0.2,0.6,1.0,1.

2,2.0,6.0MW) 

Grinnell Model 
A 

Po = 0.9bar / Lo 
= 45Lpm 

Viking Model 
M 

Po = 1.3bar / Lo 
= 45Lpm 
Bete Fog 

Nozzle Model 
series 

Tests followed the National Research Council Canada 
instructions. 
 
The larger the fire, the shorter the extinguishing time. 
Comparing fire size of 1MW to 6Mw, ∆textinguishing = 
620s (from 820s to 200s). 
 
Modifying the spray angle can improve the 
performance of the system. To deal with 1.0MW 
obstructed spray fire, 120o spray angle nozzle can 
extinguish it with textinguishing = 661s, but for 60o and 90o 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

Po = 1.3-7.0bar 
Lo = 

8.4-186Lpm 

spray angle nozzles, fire cannot be extinguished. 
 

2001 Liu et al. 132m3 

1.8m2 
(2m x 0.9m 
doorway) 
1.68m2 

(3 x 0.56m2 
windows) 

0.25m2 
(0.5m x 

0.5m Vent) 

0.5MW � 0.7MW
(0.5,0.57,0.6,0.7

MW) 

Reliable/Bauma
c 

Po = 70bar / Lo 
= 6Lpm 

Securiplex 
Po = 5.78bar 

(water) and 6.67 
bar (air) / Lo = 

5Lpm 

Under no ventilation condition, the fires are far away 
from the nozzle and are hardly hit by water mist 
needing 4 times more time to extinguish it. 
 
In the natural ventilation condition, the fire size and 
pre-burn period determine whether the water mist 
system is effective or not. 
 
The effect from the ventilation on the performance is 
related to the system characteristics. The more spray 
momentum provided, the less effect will be suffered. 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

2002 
Wang  
et al. 

45m2 
floor 
area 

Closed 
compart- 

ment 
Around 0.03MW

1-7N-SS26 
Lo=0.46-1.19Lp

m 
Po = 1.3 � 8bar 

No specified standards followed. 
 
At the same pressure, the larger the distance between 
fuel surface and mist nozzle, the harder it is to 
extinguish fire. For instance, with 4bar working 
pressure, the ∆textinguishing = 80s (from 130s to 50s) 
between a nozzle at 1.6m from the fire and at 1.0m 
from the fire. 
 
As the operating pressure increases, the extinguishing 
time difference gets smaller and finally reaches no 
difference at 10bar. 

2004 Kim et al.

18.4m3 
(4m x 
4m x 
2.3m) 

Closed 
compart- 

ment 

0.021 � 0.104MW
(0.021, 0.041, 

0.068,  
0.104KW) 

Self designed 
pressurized 
swirl type 

nozzle 
Lo= 4 - 6Lpm 

Burning rate of fuel was greatly influenced by the 
interaction between the water mist and fire plume. 
 
The ratio of burning rate change increased from 1.4 to 
2.5 when the water mist flow rate ascended from 4Lpm 
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Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

to 5Lpm in the case of 41KW fire. 
 
For a fixed water mist flow rate, say 5Lpm, the ratio of 
burning rate change descended from 4.2 to 1.4 when 
the fire size increased from 21KW to 104KW. 
 
The simulated velocity field using the Fire Dynamic 
Simulator (FDS) suggested that when spray momentum 
can overcome the buoyancy resulting from the fire 
source, the direct cooling at the fuel surface plays a 
dominant role in extinguishment.  If water mist cannot 
overcome the buoyancy and reaches the fire plume 
directly, oxygen displacement dominates the 
extinguishment. 



T -42 

Fire Scenarios 
Year Author 

Room Ventilation
Estimated Heat 

Release Rate 
WMFSS Results 

2004 
Yuan  
et al. 

Tee 
shaped 
room 
with 
main 

entry of 
536m3 

and 
crosscut 

of 
141m3 

0.12m2 
（0.3m x 
0.4m air 

regulator）
350m/min 

airflow 

0.23MW, 1MW 
and 3MW 

Commercial 
water mist 

nozzle: 
Po = 6.7bar 
Lo = 36Lpm 

For small fire with short pre-burn time, e.g. 0.23MW 
fire with 30s pre-burn time, surface cooling was the 
major extinguishment mechanism because small 
buoyancy resulted from the fire source. 
 
For relatively large fire with long pre-burn time, e.g. 
3MW fire with 1min pre-burn time, flame cooling 
dominated the extinguishment under no ventilation and 
natural ventilation with the help of oxygen 
displacement. 
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Table 8.1: The experimental data for 1A1 
 

Test No. 1A1 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m 

The location of fire See Figure 
1A1.1 

Ambient 
temperature 

15oC 

Operation pressure 
(bar) 

12.6  Amount of fuel 
(L) 

8 

Operation flow rate 
(L/s) 

0.2 Pre-burn time (s) 90 

Discharging mode Continuous HRR & O2% data See Figure 1A1.2 
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Figure 1A1.1: The fire location and the ventilation condition 
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Figure 1A1.2: The test data on the HRR and Oxygen Concentration 

(1) The doorway was sealed 1/3 from the top to set up the partial 
natural ventilation.  

(2) The fire located at the centre of the room. 

(3) After 90s� pre-burning, the WMFSS began to discharge. 

Result 

(4) The fire was extinguished immediately. 
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Table 8.2: The experimental data for 1A2 
 

Test No. 1A2 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m + rim 

The location of 
fire 

See Figure 1A2.1 Ambient temperature 18oC 

Operation 
pressure (bar) 

12.6 Amount of fuel (L) 14 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 90 

Discharging 
mode 

Continuous HRR & O2% data N/A 
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Figure 1A2.1: The fire location and the ventilation condition 

 
 
 
 
 
 
 
 

Figure 1A22: The tests data on the HRR and Oxygen Concentration 
(1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 

(2) The fire was extinguished within 90s. 

(3) The fire located 1.44m away from the door. 
Result 

(4) A rim with a diameter of 400mm and height of 300mm was added in 
the fire pan. 
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Table 8.3: The experimental data for 1A3 
 

Test No. 1A3 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m + rim 

The location of 
fire 

See Figure 1A3.1 Ambient temperature 18oC 

Operation 
pressure (bar) 

12.6 Amount of fuel (L) 14 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 90 

Discharging 
mode 

Continuous HRR & O2% data N/A 
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Figure 1A3.1: The fire location and the ventilation condition 

(1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 

(2) The fire was extinguished within 104s.  

(3) The fire located 1.35m away from the door. 

(4) A rim with a diameter of 400mm and height of 300mm was added in 
the fire pan. 

Result 

(5) It was found that the calorimeter malfunctioned during the 
experiments and failed to record the HRR and O2 concentration data. 
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Table 8.4: The experimental data for 1A4 
 

Test No. 1A4 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m + rim 

The location of fire See Figure 1A4.1 Ambient 
temperature 

16oC 

Operation pressure 
(bar) 

12.6 Amount of fuel 
(L) 

14 

Operation flow rate 
(L/s) 

0.2 Pre-burn time (s) 90 

Discharging mode Continuous HRR & O2% data See Figure 1A4.2 

D

W10

M

1350

D1

D3
D2

D5

D6

D4
400

400

400

200
200

Sill

63
3

12
67

20
00

 
Figure1A4.1: The fire location and the ventilation condition 
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Figure 1A4.2: The test data on the HRR and Oxygen Concentration 
(1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 

(2) Fire was extinguished within 149s. 

(3) The fire located 1.35m away from the door. 
Result 

(4) A rim with a diameter of 400mm and height of 300mm was added in 
the fire pan. 
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Table 8.5: The experimental data for 1A5 
 

Test No. 1A5 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m 

The location of 
fire 

See Figure 1A5.1 Ambient temperature 15oC 

Operation 
pressure (bar) 

/ Amount of fuel (L) / 

Operation flow 
rate (L/s) 

/ Pre-burn time (s) / 

Discharging 
mode 

/ HRR & O2% data See Figure 1A5.2 
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Figure 1A5.1: The fire location and the ventilation condition 
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Figure 1A5.2: The test data on the HRR and Oxygen Concentration 

 
(1) The door was fully open without blockage.  

(2) During the experiments, the fire was kept burning until all fuels consumed. 
The WMFSS did not discharge in the case. Result 

(3) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions.  

 



T -48 

Table 8.6: The experimental data for 1A6 
 

Test No. 1A6 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m 

The location of fire See Figure 1A6.1 Ambient temperature 16oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 8 

Operation flow 
rate (L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 1A6.2 
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Figure 1A6.1: The fire location and the ventilation condition 
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Figure 1A6.2: The test data on the HRR and Oxygen Concentration 

((1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 

(2) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. 

Result 

(3) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions.  
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Table 8.7: The experiment data for 1A7 
 

Test No. 1A7 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m + rim 

The location of fire See Figure 1A7.1 Ambient temperature 18oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 8 

Operation flow 
rate (L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 1A7.2 
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Figure 1A7.1: The fire location and the ventilation condition 
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Figure 1A7.2: The test data on the HRR and Oxygen Concentration 

(1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 

(2) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 

(3) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. 

Result 

(4) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions.  



T -50 

Table 8.8: The experimental data for 1A8 
 

Test No. 1A8 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m + rim 

The location of fire See Figure 
1A8.1 

Ambient temperature 14oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 8 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 1A8.2 
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Figure 1A8.1: The fire location and the ventilation condition 
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Figure 1A8.2: The test data on the HRR and Oxygen Concentration 
(1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 
(2) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. 

Result  

(3) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions.  



T -51 

Table 8.9: The experimental data for 1B1 
 

Test No. 1B1 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m 

The location of 
fire 

See Figure 1B1.1 Ambient temperature 16oC 

Operation 
pressure (bar) 

12.6 Amount of fuel (L) 14 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 90 

Discharging 
mode 

Continuous HRR & O2% data See Figure 1B1.2 
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Figure 1B1.1: The fire location and the ventilation condition 
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Figure 1B1.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire was extinguished within 74s. Result 

(3) The fire located 1.35m away from the door. 
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Table 8.10: The experimental data for 1B2 
 

Test No. 1B2 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m + rim 

The location of fire See Figure 1B2.1 Ambient temperature 16oC 

Operation 
pressure (bar) 

12.6 Amount of fuel (L) 14 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 90 

Discharging mode Continuous HRR & O2% data See Figure 1B2.2 
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Figure 1B2.1: The fire location and the ventilation condition 
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Figure 1B2.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire was extinguished within 250s. 

(3) The fire located 1.3m away from the door. Result 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan.  
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Table 8.11: The experiment data for 1B3 
 

Test No. 1B3 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m 

The location of 
fire 

See Figure 1B3.1 Ambient temperature 16oC 

Operation 
pressure (bar) 

/ Amount of fuel (L) / 

Operation flow 
rate (L/s) 

/ Pre-burn time (s) / 

Discharging 
mode 

/ HRR & O2% data See Figure 1B3.2 
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Figure: The fire location and the ventilation condition 
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Figure: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case.  

(3) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions. 

Result 

(4) The thickness of the smoke layer at the doorway was 1 to 1.2m.  
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Table 8.12: The experimental data for 1B4 
 

Test No. 1B4 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m + rim 

The location of fire See Figure 1B4.1 Ambient temperature 18oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 14 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data N/A 
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Figure 1B4.1: The fire location and the ventilation condition 
(1) The door was fully open without blockage.  

(2) The fire located 1.3m away from the door. 

(3) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. 

Result 

(4) It was found that the calorimeter malfunctioned during the experiments 
and failed to record the HRR and O2 concentration data.. 
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Table 8.13: The experimental data for 1B5 
 

Test No. 1B5 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m + rim 

The location of fire See Figure 1B5.1 Ambient temperature 20oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 14 

Operation flow 
rate (L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 1B5.2 
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Figure 1B5.1: The fire location and the ventilation condition 
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Figure 1B5.2: The test data on the HRR and Oxygen Concentration 
(1) The door was fully open without blockage.  

(2) The fire located 1.3m away from the door. 

(3) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. 

Result 

(4) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions.  
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Table 8.14: The experimental data for 1B6 
 

Test No. 1B6 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m + rim 

The location of fire See Figure 
1B6.1 

Ambient 
temperature 

14oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 8 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data N/A 
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Figure 1B6.1: The fire location and the ventilation condition 
(1) The door was fully open without blockage.  

(2) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. Result  

(3) It was found that the calorimeter malfunctioned during the experiments 
and failed to record the HRR and O2 concentration data. 
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Table 8.15: The experimental data for 1C1 
 

Test No. 1C1 Test system WMFSS 
Fuel source Gasoline Fuel pan size D=0.81m + rim 
The location of 
fire 

See Figure 
1C1.1 

Ambient 
temperature 

16oC 

Operation 
pressure (bar) 

12.6 Amount of fuel (L) 23 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 90 

Discharging 
mode 

Continuous HRR & O2% data See Figure 
1C1.2 
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Figure 1C1.1: The fire location and the ventilation condition 
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Figure 1C1.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire was extinguished within 540s. 

(3) The fire located 1.3m away from the door. 
Result 
 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 
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Table 8.16: The experimental data for 1C2 
 

Test No. 1C2 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.81m 

The location of fire See Figure 
1C2.1 

Ambient temperature 18oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 23 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 1C2.2 
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Figure 1C2.1: The fire location and the ventilation condition 
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Figure 1C2.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire located 1.3m away from the door. 

(3) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case.  

Result 

(4) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions.  
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Table 8.17: The experimental data for 1C3 
 

Test No. 1C3 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.81m + rim 

The location of fire See Figure 
1C3.1 

Ambient temperature 18oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 23 

Operation flow 
rate (L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 1C3.2 
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Figure 1C3.1: The fire location and the ventilation condition 
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Figure 1C3.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire located 1.3m away from the door. 

(3) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case.  

Result  

(4) The HRR curve for the fire source was recorded down for setting up a 
baseline in the testing conditions.  
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Table 8.18: The experimental data for 1C4 
 

Test No. 1C4 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.81m + rim 

The location of fire See Figure 
1C4.1 

Ambient temperature 14oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 23 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data N/A 
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Figure 1C4.1: The fire location and the ventilation condition 
(1) The door was fully open without blockage.  

(2) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. Result  

(3) It was found that the calorimeter malfunctioned during the experiments 
and failed to record the HRR and O2 concentration data. 

 
 



T -61 

Table 8.19: The experimental data for 1C5 
 

Test No. 1C5 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.81m + rim 

The location of fire See Figure 
1C5.1 

Ambient temperature 14oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 8 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 1C5.2 
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Figure 1C5.1: The fire location and the ventilation condition 
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Figure 1C5.2: The test data on the HRR and Oxygen Concentration 
(1) The door was fully open without blockage.  

(2) The HRR curve for the fire source was recorded down for setting up 
a baseline in the testing conditions.  Result 

(3) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. 
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Table 8.20: The experimental data for 2A1 
 

Test No. 2A1 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m + rim 

The location of fire See Figure 
2A1.1 

Ambient temperature 16oC 

Operation pressure 
(bar) 

12.6 Amount of fuel (L) 14 

Operation flow rate 
(L/s) 

0.2 Pre-burn time (s) 90 

Discharging mode Cyclic HRR & O2% data See Figure 2A1.2 
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Figure 2A1.1: The fire location and the ventilation condition 
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Figure 2A1.2: The test data on the HRR and Oxygen Concentration 

(1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 

(2) The fire was extinguished within 559s. 

(3) The fire located 1.35m away from the door. 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 

Result 

(5) Cyclic discharge the WMFSS with the discharging ratio ψ equal to 1. 
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Table 8.21: The experimental data for 2B1 
 

Test No. 2B1 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.46m + rim 

The location of fire See Figure 
2B1.1 

Ambient temperature 16oC 

Operation pressure 
(bar) 

12.6 Amount of fuel (L) 14 

Operation flow rate 
(L/s) 

0.2 Pre-burn time (s) 90 

Discharging mode Cyclic HRR & O2% data See Figure 2B1.2 
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Figure 2B1.1: The fire location and the ventilation condition 
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Figure 2B1.2: The test data on the HRR and Oxygen Concentration 

(1) The doorway was sealed 1/3 from the top to set up the partial natural 
ventilation. 

(2) The fire was extinguished within 231s. 

(3) The fire located 1.35m away from the door. 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 

Result 

(5) Cyclic discharge the WMFSS with the discharging ratio ψ equal to 1.5. 



T -64 

Table 8.22: The experimental data for 2C1 
 

Test No. 2C1 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m + rim 

The location of fire See Figure 
2C1.1 

Ambient temperature 16oC 

Operation pressure 
(bar) 

12.6 Amount of fuel (L) 14 

Operation flow rate 
(L/s) 

0.2 Pre-burn time (s) 90 

Discharging mode Cyclic HRR & O2% data See Figure 2C1.2 
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Figure 2C1.1: The fire location and the ventilation condition 
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Figure 2C1.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire was extinguished within 311s. 

(3) The fire located was 1.3m away from the door. 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 

Result 

(5) Cyclic discharge the WMFSS with the discharging ratio ψ equal to 1. 
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Table 8.23: The experimental data for 2D1 
 

Test No. 2D1 Test system WMFSS 

Fuel source Gasoline Fuel pan size D=0.6m + rim 

The location of fire See Figure 
2D1.1 

Ambient temperature 16oC 

Operation pressure 
(bar) 

12.6 Amount of fuel (L) 14 

Operation flow rate 
(L/s) 

0.2 Pre-burn time (s) 90 

Discharging mode Cyclic HRR & O2% data See Figure 2D1.2 
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Figure 2D1.1: The fire location and the ventilation condition 
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Figure 2D1.2: The test data on the HRR and Oxygen Concentration 
(1) The door was fully open without blockage.  

(2) The fire was extinguished within 312s. 

(3) The fire located 1.3m away from the door. 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 

Result 

(5) Cyclic discharge the WMFSS with the discharging ratio ψ equal to 1.5.  
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Table 8.24: The experimental data for 3A1 
 

Test No. 3A1 Test system WMFSS 

Fuel source Diesel Fuel pan size D=0.66m + rim 

The location of fire See Figure 3A1.1 Ambient temperature 16oC 

Operation pressure 
(bar) 

1.26 Amount of fuel (L) 10 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 120 

Discharging mode Continuous HRR & O2% data See Figure 3A1.2 
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Figure 3A1.1: The fire location and the ventilation condition 
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Figure 3A1.2: The test data on the HRR and Oxygen Concentration 
(1) The door was fully open without blockage.  

(2) The fire was extinguished within 42s. 

(3) The fire located 1.3m away from the door. Result 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 
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Table 8.25: The experimental data for 3A2 
 

Test No. 3A2 Test system WMFSS 

Fuel source Diesel Fuel pan size D=0.66m 

The location of fire See Figure 
3A2.1 

Ambient temperature 20oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 10 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data N/A 
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Figure 3A2.1: The fire location and the ventilation condition 

 
(1) The door was fully open without blockage.  

(2) The fire located 1.3m away from the door. 

(3) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case.  

Result 

(4) It was found that the calorimeter malfunctioned during the experiments 
and failed to record the HRR and O2 concentration data. 
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Table 8.26: The experimental data for 3A3 
 

Test No. 3A3 Test system WMFSS 
Fuel source Diesel Fuel pan size D=0.66m + rim 
The location of fire See Figure 

3A3.1 
Ambient 
temperature 

16oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 10 

Operation flow rate 
(L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data See Figure 3A3.2 
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Figure 3A3.1: The fire location and the ventilation condition 
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Figure 3A3.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  
(2) Fire location was 1.3m away from the door. 
(3) A rim with a diameter of 400mm and height of 300mm was added in the 

fire pan. 
(4) The HRR curve for the fire source was recorded down for setting up a 

baseline in the testing conditions.  

Result 

(5) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case.  
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Table 8.27: The experimental data for 3A4 
 

Test No. 3A4 Test system WMFSS 

Fuel source Diesel Fuel pan size D=0.66m + rim 

The location of fire See Figure 
3A4.1 

Ambient temperature 14oC 

Operation pressure 
(bar) 

/ Amount of fuel (L) 10 

Operation flow 
rate (L/s) 

/ Pre-burn time (s) / 

Discharging mode / HRR & O2% data N/A 
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Figure 3A4.1: The fire location and the ventilation condition 
(1) The door was fully open without blockage.  

(2) During the experiments, the fire was kept burning until all fuels 
consumed. The WMFSS did not discharge in the case. Result 

(3) It was found that the calorimeter malfunctioned during the experiments 
and failed to record the HRR and O2 concentration data. 
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Table 8.28: The experimental data for 3B1 
 

Test No. 3B1 Test system WMFSS 

Fuel source Diesel Fuel pan size D=0.66m + rim 

The location of fire See Figure 3B1.1 Ambient temperature 16oC 

Operation pressure 
(bar) 

1.26 Amount of fuel (L) 10 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 180 

Discharging mode Continuous HRR & O2% data See Figure 3B1.2 
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Figure 3B1.1: The fire location and the ventilation condition 
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Figure 3B1.2: The test data on the HRR and Oxygen Concentration 
(1) The door was fully open without blockage.  

(2) The fire was extinguished within 46s. 

(3) The fire located 1.3m away from the door. Result 

(4) A rim with a diameter of 400mm and height of 300mm was added in the 
fire pan. 
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Table 8.29: The experimental data for 4A1 
 

Test No. 4A1 Test system WMFSS 
Fuel source PMMA crib Fuel pan size N/A 
The location of fire See Figure 4A1.1 Ambient temperature 16oC 
Operation pressure 
(bar) 

1.26 Amount of fuel (L) N/A 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 180 

Discharging mode Continuous HRR & O2% data See Figure 4A1.2 
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Figure 4A1.1: The fire location and the ventilation condition 
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Figure 4A1.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire was extinguished within 1,126s. Result 

(3) PMMA crib located at the centre of the room. 
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Table 8.30: The experimental data for 4B1 
 

Test No. 4B1 Test system WMFSS 
Fuel source PMMA crib Fuel pan size N/A 
The location of 
fire 

See Figure 4B1.1 Ambient temperature 16oC 

Operation 
pressure (bar) 

1.26 Amount of fuel (L) N/A 

Operation flow 
rate (L/s) 

0.2 Pre-burn time (s) 180 

Discharging 
mode 

Cyclic HRR & O2% data See Figure 4B1.2 
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Figure 4B1.1: The fire location and the ventilation condition 
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Figure 4B1.2: The test data on the HRR and Oxygen Concentration 

(1) The door was fully open without blockage.  

(2) The fire was extinguished within 3,157s. 

(3) PMMA crib located at the centre of the room. 
Result 

(4) Cyclic discharge the WMFSS with the discharging ratio ψ equal to 15. 
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Table 8.31: Summary of the full-scale burning test results 

Gp. Scenario Test
Venti- 
lation 

Fire 
location

Fire 
type 

Rim
Pre-burn 

time 
/ s 

Discharging 
mode 

Total 
burning 
time /s 

Extinguishing 
time /s 

Peak 
HRR 
/ kW 

Minimum O2 
concentration

/ % 

Maximum 
indoor 
temperature 
/ oC 

1A1 V1 P1 No 90s Continuous 90 0 160 20.75 745 

1A2 V1 P2 Yes 90s Continuous 190 90 73 20.86 173 

1A3 V1 P2 Yes 90s Continuous 194 104 -- -- 169 

1A4 V1 P4 Yes 90s Continuous 239 149 94 20.75 750 

1A5 V2 P1 No 1011 -- 290 20.56 840 

1A6 V1 P2 No 1187 -- 251 20.62 455 

1A7 V1 P2 Yes 1935 -- 180 20.72 340 

1A 

1A8 V1 P2 

LF1 

Yes 

  

2173 -- 155 20.77 340 

1B1 V2 P3 No 90s Continuous 164 74 514 20.72 429 

1B2 V2 P4 Yes 90s Continuous 340 250 348 20.50 467 

1B3 V2 P1 No 888 -- 650 19.85 900 

1B4 V2 P4 Yes 1101 -- 550 -- 770 

1 

1B 

1B5 V2 P4 

LF2 

Yes 

  

1040 -- 546 20.11 830 
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Gp. Scenario Test
Venti- 
lation 

Fire 
location

Fire 
type 

Rim
Pre-burn 

time 
/ s 

Discharging 
mode 

Total 
burning 
time /s 

Extinguishing 
time /s 

Peak 
HRR 
/ kW 

Minimum O2 
concentration

/ % 

Maximum 
indoor 
temperature 
/ oC 

1B6 V2 P4 Yes 1248 -- 500 -- 815 

1C1 V2 P4 No 90s Continuous 630 540 950 19.6 942 

1C2 V2 P4 No 808 -- 1035 19.09 900 

1C3 V2 P4 Yes 985 -- 1551 17.79 924 

1C4 V2 P4 Yes -- -- -- -- 845 

1C 

1C5 V2 P4 

LF3 

Yes 

  

1193 -- 964 19.50 839 

2A 2A1 V1 P2 LF1 Yes 90s Cycling ψ =1 649 559 127 20.70 175 

2B 2B1 V1 P4 LF1 Yes 90s Cycling ψ =1.5 321 231 135 20.70 153 

2C 2C1 V2 P2 LF2 Yes 90s Cycling ψ =1 401 311 455 20.30 527 
2 

2D 2D1 V2 P2 LF2 Yes 90s Cycling ψ =1.5 402 312 484 20.30 291 

3A1 V2 P2 Yes 120s Continuous 162 42 263 20.60 335 

3A2 V2 P2 No 1111 -- 500 -- 826 

3A3 V2 P2 Yes 1464 -- 416 20.35 739 
3A 

3A4 V2 P2 

LF4 

Yes 

  

1008 -- 260 -- 558 

3 

3B 3B1 V2 P2 LF4 Yes 180s Continuous 226 46 365 20.40 550 
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Gp. Scenario Test
Venti- 
lation 

Fire 
location

Fire 
type 

Rim
Pre-burn 

time 
/ s 

Discharging 
mode 
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(a): The Plan View of ISO 9705 standard room with thermocouple trees 
arrangement 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.1: The arrangement of the testing standard room and thermocouple 
trees 

(b): Configuration of the thermocouple tree 
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Figure 4.2: The dimension and configuration of the PMMA crib
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Figure 4.3: Pan sizes for the gasoline pool fires 
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Figure 4.4: Pan size for the diesel pool fire 
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(a) Example curve for gas temperature 

 

 

 

 

 

 

 

(b) Example curve for the heat release rate 

 

 

 

ψ= 1 in this case 

(c) Time line 

 

Figure 4.5: Operating of cycling discharging mode 
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Figure 4.6: Basic thermocouple circuit 
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(a) Bare sensor thermocouple 
 
 
 

 
 
 

 
 
 
 

(b) Sheathed sensor thermocouple 
 
 
 
 
 
 

 
 
 
 

(c) Sheathed sensor thermocouple with shielding 
 

Figure 4.7: The structure of different types of thermocouple  
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(a): Heat transfer for the bare sensor, exposed junction thermocouple 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) : Heat transfer for the sheathed sensor ungrounded / insulated junction 
thermocouple 

 
Figure 4.8: Heat transfer for different types of thermocouples 
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Figure 5.1: Characteristics of water mist nozzle 

Input 

Generation 

methods 

Operating 

Operating 

Water mist 
Dv0.99 < 1,000μm 

Droplet size 

Droplet velocity 

Output 



F - 10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Swirl-type nozzle air cone formation procedure at different pressures 

(Marshall 1986) 
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Figure 5.3: The breakup mechanisms of a droplet suddenly impacted by a high-velocity jet of air (Marshall 1986) 
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(http://tyco-fireproducts.com/TFP_Products/display_Gempr.php?S=S8&B=Gem) 
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Figure 5.5: Representative droplet size distribution data at 11.7bar 
(http://tyco-fireproducts.com/TFP_Products/display_Gempr.php?S=S8&B=Gem) 
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Figure 5.6: Representative droplet size distribution data at 12.1bar 
(http://tyco-fireproducts.com/TFP_Products/display_Gempr.php?S=S8&B=Gem) 
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Figure 6.1: Room air temperature profiles 
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Figure 6.2: Extinguishing time with heat release rate for high pressure WFMSS 
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Figure 6.3: Extinguishing time with heat release rate for intermediate pressure 
WMFSS under no ventilation  
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Figure 6.4: Extinguishing time with heat release rate for low pressure WMFSS 
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Figure 6.6: Extinguishing time with peak temperature difference for high 
pressure WMFSS 
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Figure 6.7: Extinguishing time with peak temperature difference for 
intermediate pressure WMFSS 
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Figure 6.8: Extinguishing time with peak temperature difference for low 
pressure WMFSS 
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Figure 6.9: Example of deriving the correlation between Q and text for WMFSS 
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Figure 6.10: Comparison of two correlations between heat release rate and 
extinguishing time 
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Figure 8.1: Experiment setup with thermocouples 
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Figure 8.2: Pans for liquid pool fires 
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(a) The detailed dimension of the PMMA crib 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) A photo of the PMMA crib 
 
 

Figure 8.3: PMMA crib  
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Figure 8.4: Comparison of Group 1 experimental results 
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Figure 8.5: Comparison of Group 2 experimental results 
\
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Figure 8.6: Comparison of Group 3 experimental results 
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Figure 8.7: Results for Group 4 tests for PMMA crib fires 
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Figure 8.8: Temperature profiles for Test 1A4 
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(c) Temperature at door 

Figure 8.9: Temperature profiles for Test 1B2 
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Figure 8.10: Temperature profiles for Test 1C1 
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Figure 8.11: Temperature profiles for Test 2A1 
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(c) Temperature at door 

Figure 8.12: Temperature profiles for Test 2B1 
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Figure 8.13: Temperature profiles for Test 2C1 
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(c) Temperature at door

Figure 8.14: Temperature profiles for Test 2D1 
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(c) Temperature at door 

Figure 8.15: Temperature profiles for Test 3A1 
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(c) Temperature at door 

Figure 8.16: Temperature profiles for Test 3B1 
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(b) Temperature at wall 

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0
0

2 0

4 0

6 0

8 0

1 0 0
 W 1
 W 2
 W 3
 W 4
 W 5
 W 6

Time / s 

Te
m

pe
ra

tu
re

 / 
o C

 

(c) Temperature at door 

Figure 8.17: Temperature profiles for Test 4A1 
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(a) Temperature at the middle of room 
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(b) Temperature at wall

Figure 8.18: Temperature profiles for Test 4B1 
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(c) Temperature at door 
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