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ABSTRACT 

Sprinklers have been used in fire suppression for about 100 years. Even though their 

design has changed from simple perforated pipes to sophisticated automatic systems of 

mist and sprinkler nozzles, still they play the same role - they dramatically reduce death 

and injuries due to fire, as well as property loss. This reduction occurs due to sprinklers' 

capability either to extinguish the fire or to control it, usually until the arrival of the fire 

brigade. As an agent, water has become the most widely used fire suppressant due to its 

highly effective thermal properties and availability. Specifically, water mist sprays are 

becoming increasingly popular as total flooding agents, substimting hazardous gaseous 

suppressants, such as Halon. Commonly used as a fire engineering tool for predicting 

fire growth and hot gas movement in a compartment, are zone models. Even though the 

performance of fire sprinklers or mist sprays is predicted by some of these models, the 

analysis is very limited. This analysis is usually based only on a known water flow rate, 

compartment area and calculated spray activation time, with no consideration given to 

what actually happens to the water droplets within a fire environment, or how the 

droplets' characteristics affect fire suppression. 

The principal objective of this research is to develop a more refined model of the 

interaction of water sprays and fires. Such a model, based on the physics of the flow of 

droplets through a hot layer has been formulated and it allows a detailed analysis of 

thermal performance of sprays in fire. The model predicts heat transfer rates between 

water droplets and solid combustibles. The model accounts for: 

1. Spray characteristics, such as 

> droplet size and size distribution 

> the instantaneous velocities of droplets 

> spray discharge angle 

> spray mass flow rate 

> droplet initial temperature 

2. External conditions affecting on spray thermal performance, such as 

> location of fire source relatively to spray nozzle 

> surrounding gas temperature and velocity 

> solid combustibles' temperature and material 
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The developed model has been integrated with a validated one-zone fire growth model 

and the results compared with full-scale fire extinguishment experiments. The 

comparison has been based on the overall gas room temperature change for two types of 

fire and water spray applications: 1) direct water impact on top of the surface of soUd fuel 

due to early (pre-flashover) activation of conventional sprinklers, and 2) gas cooUng by 

mist sprays during the post-flashover stage of liquid pool fire. 

The experimental and computational results make possible a comparison in terms of: 1) 

minimum water flux needed for extinguishment due to direct water impact, and 2) 

immediate gas temperature drop as a function of droplet diameters and water mass flow 

rates for mist application at post-flashover fire. The results of comparison are promising 

and have shown that the temperature drop in rooms versus spray characteristics is in a 

close agreement with experiments for both pre-flashover and post-flashover fires. 

The effect of heat-transfer between water sprays and hot gases during direct water impact 

has not been measured separately yet within the overall fire extinguishment process. 

Therefore, the prediction of gas cooling in pre-flashover fires without the consideration of 

water impact on solid combustibles was used only for comparative analysis of the 

effectiveness of different sprays. This prediction showed that gas cooling by the 

conventional large droplet sprays was particularly effective and does not lead to fire 

suppression or control, while mist sprays can control fires and prevent flashover. 

In the modem performance based approach to building and fire codes, the design 

solution, which is expected to meet pre-established fire protection objectives due to 

specified performance levels of protection systems, can be based purely on fire modelling 

if the methods and results are accepted by the authorities Consequently, methods of 

obtaining design solutions are viewed by the fire protection community as a way to 

reduce expenses on large projects. Therefore, this work focuses on a computer zone 

model which can then be applied to the evaluation of sprinkler/mist nozzles performance 

in a fire environment. 
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1 ENfTRODUCTION 

Water is widely used as an agent in fire suppression systems. Due to its relatively high 

specific heat capacity and latent heat of evaporation, water can effectively extract heat, 

contributing to extinguishment by cooling the fire. In addition to the thermal properties of 

water, the way it is delivered on the fuel and the resulting interaction with the fire, are 

equally important in its use as a fire suppressant. Water is usually dispersed into fine 

droplets and delivered to fire affected areas as a liquid spray either by sprinklers or 

specially designed mist nozzles. Consequently, the behaviour of water sprays and droplets 

determines whether or not water-based systems are effective in fire suppression. The 

extinguishing action of sprays involves several mechanisms, such as gas and flame coohng, 

fuel cooling and wetting, oxygen displacement with vapour (steam), and shielding against 

fire radiation. Understanding the contribution of each mechanism in fire suppression allows 

the prediction of spray performance in a given fire/sprinkler scenario. To deduce such an 

understanding, a thorough analysis is presented in this dissertation of water droplet 

behaviour in fire. This analysis has been used in the prediction of spray performance for a 

given fire scenario. The prediction is based on a combined zonal fire and spray cooling 

model, the outcome of which is a compact engineering tool. Another novelty of this 

research is in its detailed review of related phenomena, old and new, as thoroughly as 

possible. To present the specific objectives of this work, a brief description of the content 

of each chapter is given. 

In Chapter 2 the general literature review is presented with a focus on sprinkler-fire 

interaction and sprinkler/nozzle properties relevant to this phenomenon. The first two 

sections of Chapter 2 are related to parameters that govern the performance of water sprays, 

mechanisms and criteria of extinguishment. The last section gives a brief description of the 

theoretical approaches used to model fire-spray interaction. To give a concise picture of 

fire-spray interaction, the reviewed publications are grouped in terms of different spray and 

fire properties affecting sprinkler/nozzle performance. While Chapter 2 is mostly to classify 

the existing research in fire-sprinkler interaction into areas of investigation, each of the 



following chapters has its own critical review of the relevant literature showing the need for 

the work presented in that chapter. 

In fire-spray interaction, heat, mass and momentum transfer between individual droplets 

and hot gases are interrelated. These processes should be studied together in order to 

correctly evaluate sprinkler performance in fire. Amongst practicing fire safety engineers, 

the traditional method of evaluating sprinkler performance is based on empirical 

area/density curves without any calculations, except for those related to the water piping 

system. This approach allows one to identify the water demand, i.e. the volume flow rate 

of water (or water pressure) needed for suppression the fires for compartments of given 

area and predetermined fire hazard level. Neither fire location within the compartment nor 

mechanisms of fire suppression by water and droplet characteristics are considered. This 

review has highlighted that very few other works exist in the literamre which provide more 

complete physical models. A feature of the present study, on the other hand, is that a more 

complete physical model of fire suppression has been developed, in terms of spray 

properties and droplet behaviour, while keeping engineering simplicity. 

In Chapter 3, spray dynamics is studied in terms of an individual droplet's motion in gas 

flow. Droplet trajectories and velocities are calculated by solving numerically the droplet 

motion equations in the presence of gravitational and drag forces. Droplet trajectories and 

velocities are then plotted explicitly for two classes of water sprays, coarse and fine, 

activated in a zone-type fire environment. A significant contribution in Chapter 3 is the 

classification of spray behaviour in terms of three relative fire-spray nozzle locations. 

These locations are related to the zones in fire environment. One of the new outcomes 

from Chapter 3 is that the information on droplet movement history is used to calculate the 

spray drag-to-buoyancy ratio distribution across the hot gas layer. Previously, such a ratio, 

which is used as a hot layer lowering criterion, was typically calculated as an overall value 

for the whole spray. In addition, the droplet residence time is presented as a key dynamic 

factor affecting the spray thermal performance, and it is calculated as a function of droplet 

diameter and discharge angle. Furthermore, comparisons are presented between this zonal 

approach and the present CFD (computational fluid dynamics) results in terms of droplet 



dynamics. The effect of two-way coupling and gas turbulence is examined on droplet 

dynamics in gas flow. 

Having established the motion of droplets, heat transfer equations are solved for a droplets-

gas system in Chapter 4, where droplet motion and evaporation are taken into account. The 

computational algorithm is given in a clear, step-by-step form of solving the simultaneous 

equations, and is easy to use for engineering calculations related to spray heat transfer 

while passing through a layer of hot gas. This algorithm allows the prediction of spray heat 

absorption and evaporation rates as functions of initial gas parameters, such as temperamre, 

moisture content and velocity. It can be used as a subroutine for calculating droplet heat 

and mass source/sink terms in combination with available fire codes. In addition, the 

algorithm has some features, such as sprinkler location, for example, that have been 

designed specifically to allow for integration with zone type fire models. 

Prior to prediction of fire extinguishment, a detailed sensitivity analysis is presented for 

different gas and spray initial parameters. The results are divided in two parts. Part one 

deals with the behaviour of standard sprays under relatively low (pre-flashover) gas 

temperatures with negligible rates of droplet evaporation. Part two deals with the behaviour 

of mist sprays exposed to high (post-flashover) gas temperatures with droplet evaporation, 

up to full droplet disappearance. One of the important findings in Chapter 4 is the 

prediction of the optimal droplet diameter based on combined droplet heat transfer and 

motion. In the past, the existence of such a diameter had been assumed, but no model was 

presented towards prediction. Another contribution reported in this chapter relates to the 

prediction of mist performance. Even though different researchers have collected 

experimental data, water mist behaviour has not been generalised mathematically to the 

extent given in Chapter 4. Another new contribution reported in Chapter 4 is the evaluation 

of spatial distribution of spray's heat absorption rate within the volume embraced by this 

spray. This assessment has been carried at in order to evaluate how close the spatial 

distribution is to the assumption of uniform sink in zone models. 



While gas cooling leads only to control of the fire, direct water apphcation on top of solid 

combustibles makes possible full fire extinguishment. In Chapter 5, numerical predictions 

and experimental observations are given for the development of fiiel temperature during the 

water impact. The model is based on the explicit solution of one-dimensional transient 

conduction equations, and therefore, a simple engineering approach is followed. The 

mechanisms of heat transfer due to droplets' impingement on a hot solid fuel surface are 

also described in detail. These mechanisms are classified in terms of non-boiling and two 

possible boiling regimes. The effects of the magnitude of the surface overheat (i.e. 

temperature rise above the water boiling point) and the properties used to establish each 

particular regime are studied first in connection with fuel cooling. Subsequently, fuel 

surface temperature histories, are presented as functions of external radiation from fire and 

cooling due to water coverage. The model allows estimation of minimal water flux needed 

for extinguishment as a function of external radiative heat flux. 

In order to predict the performance level of water sprays in fire suppression, an existing 

zone model is used in Chapter 6 to simulate compartment fires. The availability of the 

source code and full scale experimental data used for the model validation, rendered 

NRCC-VUT FGM (National Research Council of Canada Fire Growth Model) a highly 

suitable zone model for this purposes. The significant contribution in Chapter 6 is that the 

spray cooling model developed in Chapters 3, 4 and 5 were incorporated as an additional 

sub-model, called SHAR (Spray Heat Absorption Rate), into the basic zone model. This 

addition has proved the ability to present fire development both before and after activation 

of the water/mist spray. As a result, sprinkler (or mist nozzle) performance can be evaluated 

in terms of fire control or extinguishment. Consequently, the combined effect of both spray 

and compartment parameters on a fire can be predicted. Thus, such parameters such as 

droplet diameter, water flow rate, room size, openings and the stage of fire development are 

taken into account. 

In Chapter 7, the conclusions of the thesis are summarised. In addition, three appendices 

are included. A summary of the zone models with the list of input and output parameters 

of each is given in Appendix A as an extension of the general literature review given in 



Chapter 2. Prior to the CFD results utilised in Chapter 3, two-dimensional calculations 

were carried out using stationary turbulent channel flow. The purpose of this exercise was 

to evaluate grid independence/refinement and model evaluation. These results are presented 

in Appendix B. In Appendix C, a sample input data file is given for the integrated NRCC-

VUT FGM. 

1.1 USE OF WATER AS A FIRE SUPPRESSANT 

In the 1950's, the importance of being able to suppress fires using water sprays was 

recognised, and major mechanisms of extinguishment were established [1]. Since the 

1970's, water has been widely considered to be an alternative to hazardous gaseous fire 

suppression agents, such as Halon 1301. Water is now recognised as the main extinguishing 

agent used by fire services in active fire protection [2, 3, 4]. 

In this work, water sprays are classified into sprays produced by standard sprinklers and 

those produced by water mist nozzles [5]. Standard sprinklers are usually ceiling mounted, 

and they are automatically activated by the fire. Water mist nozzles, on the other hand, are 

more flexible in use. A nozzle can be at a fixed position or attached to a fire hose. 

Standard sprinklers and mist nozzles have various applications and different performance 

requirements due to the ranges of droplet sizes produced by them. However, the same 

model of fire-droplets interaction can be used for both types of sprays. 

According to NFPA (National Fire Protection Association) [5], water sprays are divided 

into three categories based on droplet size distribution. This distribution is illustrated in 

Figure 1.1, which has been reproduced from [5]. In Figure 1.1, representative cumulative 

percent volume (CPV) is plotted versus diameter distribution for Class 1, 2 and 3 mist 

sprays. 



Figure 1.1. Classification of mist sprays in terms of their cumulative volume distribution [5 J. 

According to this classification, Class 1 mist sprays are those with droplet diameters less 

than 200 |im for 90% of the droplets by volume. Such fine sprays are usually produced by 

twin-fluid nozzles under high pressure, and they are used in scenarios where fuel wetting is 

not critical to performance, such as in liquid fuel fires. Class 2 contains droplet diameters 

of 200 to 400 \im for 90% of the volume. For Class 2, 10% of the droplets have diameters 

less than 200 fim. Such sprays can be generated by low or intermediate pressure nozzles. 

These sprays produce considerable surface wetting [5], and therefore, they can be used in 

fires involving solid combustibles. For Class 3, 90% of the droplets are in the range of 400 

to 1000 jim. This type of mist spray can be produced by sprinklers [5]. In this work, 

mainly. Class 2 and Class 3 sprays are studied as the characteristic sprays of mist and 

sprinkler systems, respectively. 

In most practical cases, water distribution is provided by an automatic sprinkler (or mist) 

system which is designed to be activated by the fire, so as to ensure rapid suppression with 

minimum property damage [6]. In such systems, only those sprinkler discharge heads, 

which are thermally affected by the fire, will be operated. Thus, a sprinkler has to be 

evaluated in terms of two functions [6]. First, it must detect a fire, and secondly, it must 



provide an adequate water supply to control or extinguish it. Each of these functions can be 

studied separately. In this dissertation, the second of these two issues, namely, the adequacy 

of water supply, is examined. 

1.2 PERFORMANCE OF WATER BASED SYSTEM 

Sprinkler performance as determined by Bouchar [7], involves a pass/fail consideration of 

whether a sprinkler system has successfully controlled or prevented the spread of fire, or 

extinguished it, in terms of pre-established life safety and property loss criteria. However, 

there is no precise assessment of the direct hazard to humans of exposure to fire conditions 

or the property loss criteria. In the impact assessment of sprinklers, completed in the 

residence sprinkler program of John Hopkins University [7], it was estimated that a 

properly installed and maintained sprinkler system could reduce death and injuries due to 

fire by up to 90%, and reduce property loss by 86%. Following NFIRS (National Fire 

Incident Reporting System, USA) data, given by Solomon [8], the reduction of.residence 

fire deaths is estimated to be between 56-73% for buildings with sprinklers. On the other 

hand, the reduction of property damage, based on insurance company data, ranges from 

1.5:1 to 10.5:1 for sprinklered versus unsprinklered compartments [8]. This reduction 

occurs due to a sprinkler's capability to alter the development of critical levels of smoke 

density, toxic gases, or temperatures, and either to extinguish the fire or to control it, until 

the arrival of the fire brigade. 

Even though sprinkler protection capabilities are high, the level of life safety should be 

increased towards 100%, and property losses should be minimised. Property losses are 

rather high in many cases due to either delayed activation or excess water discharge causing 

damage. A poorly designed water mist system may be a potential cause of additional 

losses. For example, as reported from FMRC (Factory Mutual Research Corporation, MA, 

USA) [9], rapid cooling in suppression of combustion turbine fires by water spray (thermal 

shock) often results in turbine blade damage. There are also cases where installation of a 

water mist system does not help to suppress fire, or it may even enhance it [10]. As shown 

experimentally [9, 11], most cases of oil fires can not typically be extinguished by 



sprinklers or water sprays. In the NFPA Fire Protection Handbook [5], the difficulty of 

extinguishment is related to "small" fires, while the ease is assigned to "large" fires. 

However, quantitatively, fire sizes are not defined. Even though there is some theoretical 

explanation of this phenomenon in the literature [5,9,10], it still needs to be quantified and 

predicted. The understanding and prediction of water spray system failure may open new 

horizons in the design and improvement of water spray systems. 

Recent experimental and theoretical works had shown that water mist sprays may have 

broader application as a total flooding agent and substitute of Halon in fire suppression 

[12]. For example, in the case of suppression of gas or liquid pool fires, when direct water 

impact to the base of fire is ineffective, there is a need for water mist systems. However, as 

noticed by dififerent researchers [12, 13], the complex relationship between mist spray 

parameters and the extinguishing capacity of such sprays at different fire scenarios has not 

been thoroughly investigated or completely understood yet. For a proper sprinkler system 

and for the selection of its working parameters, water droplet interaction with different fire 

scenarios must be understood. This understanding must extend from relatively simple fire 

cases to more sophisticated scenarios. 

In modem performance based approaches to building and fire codes, the design solution, 

which is supposed to meet the pre-established fire protection objectives due to specified 

performance level of protection systems, can be based purely on fire modelling if the 

methods and results are accepted by the authorities. Such ways of obtaining design 

solutions is viewed by the fire protection community as a way to reduce expenses on large 

projects. Therefore, this work focuses on computer zone models which then can be applied 

to the evaluation of sprinkler/mist nozzles performance in fire environment. 



1.3 THE NEED FOR THIS PROJECT 

Reliable performance parameters are not clearly defined for mist and in some cases, 

sprinkler systems, in fire. This deficiency is the reason for the need to develop an accurate 

numerical code to model water droplet interaction with a fire environment. After validation 

with appropriate experimental data, such a numerical tool can be made available for fire 

safety engineers for the generation of reliable performance parameters. Therefore, the 

overall objective here is to numerically predict water droplets' behaviour during fire in 

order to contribute to the understanding of water extinguishing mechanisms for different 

applications. 

The advantage of using a computer model instead of experimental simulations has been 

outlined by Galea [14]. Most experimental programs study a certain mist or sprinkler 

system for a specific fire scenario. In addition, fiill-scale tests are expensive, and the variety 

of building designs such as tall atria buildings, or the interior of an aircraft cabin, adds to 

cost and complexity. Extrapolating results from scaled models, on the other hand, can be 

unreliable, because of the absence of the reliable scaling rules [15]. Instead of relying only 

on investigations of fire accidents or new experimental fire simulations, a computer 

simulation can offer a different approach to the study of fire phenomena, which is cheaper 

and allows for more flexibility during application. For a numerical model to be reliable, 

extensive validation is necessary against experimental data. As explained in the next 

section, there are a number of experimental results available from the literature for this 

purpose. Additional information has also been obtained in this project from the full-scale 

experiments of the Centre for Environmental Safety and Risk Engineering (CESARE) at 

the Fiskville Experimental Building-Fire Facility, for the purpose of validation. 



2 LITERATURE REVIEW 

The literature review is presented with a focus on sprinkler-fire interaction and sprinkler 

properties relevant to this phenomenon. The first section is related to the water spray 

performance in a fire environment, and it summarises the governing parameters of a 

sprinkler system. The second section gives a brief description of the theoretical approaches 

used to model the fire environment and the mechanisms of fire extinguishment by water 

sprays. Both of these sections include the uncertainties in the modelhng of fire 

suppression. The third and last section deals with the modelling of the interaction between 

water droplets and fire using the governing parameters defined in the first two sections of 

the Literature Review. The conclusions of each of these three sections are summarised in 

the last paragraph of each section. 

2.1 PARAMETERS GOVERNING THE PERFORMANCE OF WATER BASED 

SYSTEMS 

In order to reasonably predict the suppression performance of a water based system, 

Mawhinney and Hadjisophocleous [16] indicate that the fire scenario parameters and spray 

properties must be considered. A fire scenario is defined by the nature and configuration of 

ftiel, rate of growth, room size and geometry, while water discharge rate and droplet size 

distribution contribute to spray characteristics. The governing fire parameters and different 

spray system characteristics that have to be correlated, are Hsted in Table 2.1, which is 

adopted from Table 1 from [16]. References have been added to the original table to show 

the workers on different parameters. A new parameter, fire dynamics, marked with an 

asterisk has also been added due to its importance. 
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Table 2.1. Parameters governing the suppression performance of water spray systems. 

PARAMETER PHYSICAL PRINCIPLES, DESIGN VARIABLES 

l . R r e S ^ a r i o ,,:4 -./^.^ 
Fire dynamics * 

Fire safety objectives 

Fuel types 

Extinguishing 
mechanisms 

Enclosure effects 

1. Time dependent combustion energy release process (Bishop et al.[\l]\ 
Cooper [18]; Hadjisophocleous et al.[A] Sousa et al.[3]). 
2. Fire phase at the beginning of sprinkler activation (Cooper [18], Wighus 
[19]). 
1. Extinguish fire within a defined period of time. 
2. Control fire, prevent flashover; limit growth and spread, control 
temperature (Hinkley [20]; Hill et al.[2\]; Hoffman and Galea [22], Jones and 
Nolan [23]). 
1. Liquid fuels in pool fires (Rasbash et al.[24]; Kung[25]; Hadjisophocleous 
etal.[4]y, spray fires (McCaffrey[26]); spill fires 
2. Solid fuels (Yao[27,28], Yang et al.[29]) 
3. Gas phase fuels (Downie and Gogos [30]; Ingason and Olsson [31]). 
4. Configuration of fuel (Rasbash et a/.[24]), shielding (Yang et al.[29]). 
1. Cooling flame and fuel; oxygen reduction; vapour dilution; (Kung[25], 
Chow [32]; Downie and Gogos [30]); radiation attenuation (Stephenson and 
Coward[33]; Lage and Rangel [34]; Log [35]); fuel wetting. 
2. Contrary effects: turbulence (Morgan [36]; Mawhinney et a/.[37]; Hinkley 
[20]; Hoffman and Galea [22]), "flare - ups" (Rasbash et al.[24]). 
1. Compartment ventilation (Morgan[36]; Hinkley[20]; Chow and Fong [38]; 
Chow [39] (ceiling vent); Hoffman and Galea [22] (doorway); 
Hadjisophocleous et al. [4] (forced air injection through duct); Ingason and 
Olsson [31] (experimental work with ceiling vents)). 
2. Compartment dimensions (Bill and Ural [9], Wighus [19]) . 

n. Water sprinkler system properties 
Spray characteristics 

Methods of drop 
generation 

Details of application 

Method of fire detection 
and system activation 
(influence of the size of 
fire at activation; degree 
of penetration, etc.) 

1. Droplet size distribution (Morgan[36]; Yao and Kalelkar [40]; Gardiner 
[41], Wighus [42], Hadjisophocleous etal.[4]; Novozhilov et al.[43], Pietrzak 
et al.[44]). 
2. Flux density distribution (Harvie et al. [45], Nam [46]). 
3. Spray momentum (velocity distribution) (Nam [46]), 
4. Spray cone or linear generation [5]. 
1. Spray characteristics, constant or variable. 
2. Efficiency. 
3. Reliability (Nash and Young [6]). 
1. Full compartment (total flooding for water mist) (Jones and Nolan [23], 
Tuomissaari [13]). 
2. Zoned or local application ( Pietrzak et a/.[47,48], Hinkley [20]). 
3. Obstructions (Hadjisophocleous et a/.[4]); Nozzle spacing (Hinkley [20]). 
4. Intermittent or sustained discharge. 
1. Automatic nozzles (individually thermally actuated nozzle groups: Yao 
[27,28]). 
2. Separate detection system: fire signature; analog thermal detection. 
3. Manual release (Salzberg et al.[49], Pietrzak et a/.[44,47,48], Tuomissaari 
[13].). 



2.1.1 Spray Discharge Properties 

The main parameter that governs water droplet interaction with a fire is the water sprinkler 

or mist nozzle. Sprinkler/nozzle system performance can be determined indirectly in terms 

of pre-established life safety and property loss criteria [7]. In such an assessment, the 

effectiveness of a sprinkler/nozzle depends on how adequately its discharge characteristics 

were chosen for a given fire scenario. To understand sprinkler/nozzle performance, the 

values of mean droplet diameter or droplet size distribution, water mass flux density 

distribution, the angle of water discharge and initial droplet momenmm must be considered 

in investigating spray behaviour. In order to explain how effective these parameters are, the 

operation principles of standard residence sprinklers need to be considered. 

The bulk of water as discharged from an orifice first impinges on a deflector plate that is 

located beneath the nozzle. Water then spreads to form a sheet, and after contact with the 

deflector, it is projected outward. The outward motion results in instabilities that cause the 

water sheet to disintegrate and break-up into drops. The distance in which water break-up 

occurs is a function of pressure, bulk water velocity and deflector configuration. In 

general, drops are formed few centimeters downstream from the deflector [40]. There is 

information in the literature about methods of calculating this distance, such as in Paji and 

Galustov [50, p.75]. To investigate sprinkler interaction with a hot gas layer, or more 

specifically, within a thin moving ceiling jet, this value is vital. 

As outlined by Gardiner [41], Morgan [36], and Stephenson and Coward [33], there is 

insufficient information about the initial velocity vectors of water droplets. Chow and Shek 

[51] obtained experimental values of the mean droplet velocities, by a photographic method 

for a limited number of pressure and droplet diameters for conventional and spray pendant 

sprinklers. From a theoretical point of view, the determination of initial droplet velocities 

is complicated because of the lack of understanding of jet or film breaking processes. 

Droplet behaviour and suppression results depend on initial droplet angles [49, 43]. In 

most calculations, initial velocity directions are taken arbitrarily. Morgan [36] and Chow 
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[32] used only a horizontal initial direction, and Pietrzak and Johanson [48], and Yao and 

Kalelkar [40] considered only a vertical velocity component. As a more realistic approach, 

Hadjisophocleous et al.[4] and Nyankina et a/.[52] used the random distribution of initial 

directions of droplet velocities within a given sprinkler discharge angle. 

One of the most important characteristics of sprinkler systems is the dehvered density (DD) 

on the area covered by a group of sprinklers. This characteristic is calculated as the total 

water discharge rate divided by the covered by spray floor area, usually with the 

assumption of uniform flux density distribution from one sprinkler [8, 27, 28]. The 

investigation in solid ftiel fire suppression by Harvie et al. [45] outlines the possible errors 

associated with the non-uniformity of real sprinkler discharge. The characteristics of non

uniform discharge were obtained by Chow and Shek [51], where a detailed experiment was 

carried out on the water flux density distribution from residential sprinklers as a function of 

the radial distance and sprinkler orientation angle. Two types of distribution patterns were 

identified for conventional type pendant sprinklers: a filled cone (type 1) and a cone with a 

hollow central part (type 2). However, the eff'ects of the different distributions on fire 

suppression were not studied. The experimental study of the ESFR (Early Suppression Fast 

Response) residence sprinklers [46] showed that sprinklers of the similar type, but 

produced by different manufacturers, may provide different DD distributions, and probably 

as a result, would have slightly different performances in fire suppression. 

Droplet diameter distributions for a standard sprinkler at a limited number of operating 

pressures, were measured by a freezing method by Yao and Kalelkar [40]. These 

distributions are usually described in the literature by the Rosin-Rammler distribution 

function [44, 47, 48, 50, 51, 53] with several empirical parameters and constants. The 

measurements of Yao and Kalelkar further confirm the use of this distribution. The main 

parameter of this distribution is the volumetric mean droplet diameter. For standard 

sprinklers of similar geometry, this diameter is proportional to the 2/3 power of the orifice 

diameter and the minus 1/3 power of the nozzle pressure [25, 42, 51]. This dependence 

relates to the standard sprinklers of the FMRC (Factory Mutual Research Corporation, 

USA), and must be corrected when applied to other sprinkler products [8]. The importance 
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of using droplet size distribution, rather than one representative diameter, was generally 

explained in [5], specifically underlined by Log [35] in connection with radiation 

attenuation, and by Novozhilov et al. [43] in connection with fire cooling by water mist 

sprays. 

In the review summarised above, the works on the spray discharge characteristics are given. 

As indicated, these properties are studied in the absence of a fire, and they can be used as 

the initial parameters in any sprinkler calculation. This part of the review also indicates a 

void in the literature regarding the effect of these sprinkler parameters on extinguishment. 

2.1.2 Mechanisms of fire extinguishment 

The mechanisms of extinguishment are listed by Mawhinney et a/.[l] with reference to the 

early works published in 1955 to 1960, such as that of Rasbash et al.[24]. The major 

mechanisms were identified as follows: 

• heat extraction, or cooling [5] 

• oxygen displacement, or as explained by Grant and Drysdale [2], addition of a gas 

to dilute the air feeding the flame and reducing the oxygen partial pressure (in the 

case of droplet evaporation, water vapour has the same effect) 

• blocking of radiant heat [35] 

All three of these mechanisms are governed by the same complex processes of heat-mass 

transfer between droplets and fire environment. In addition to these three, a fourth 

mechanism, namely, fuel coverage must be considered in studying fire extinguishments 

[46]. All of these mechanisms are involved to some degree in every extinguishment. Due to 

the difficulty of direct measurements during fire, only a few works identify the extent to 

which these mechanisms participate individually in extinguishment. For this reason, the 

mechanisms of extinguishments are separated into two groups in this thesis: 

• Gas cooling (including convection, oxygen displacement due to evaporation, 

radiation attenuation) 

• Fuel coverage (including physical coverage and evaporation). 

Selected works of these two mechanisms of fire extinguishment are given below. 
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2.1.2.1 Gas cooling 

The cooling mechanism of extinguishment is provided by water droplets in two different 

ways in accordance with their sizes. Large droplets of high momentum penetrate the fire 

plume to act on the burning surface, or wet and cool the surrounding combustible materials 

and floor that are subjected to direct exposure to fire. Small droplets cool the hot gases 

spreading radially and prevent an excessive number of sprinklers firom operating [20, 40]. 

Heat absorption due to droplet evaporation causing substantial gas cooling becomes an 

essential mechanism for mist sprays due to the large interface of heat exchange created by 

small droplets. Hence, cooling and oxygen depletion mechanisms of extinguishment act 

together. Therefore, mechanisms of extinguishment are conditionally divided into two 

groups in this study: 

• gas cooling (includes convective cooling and oxygen displacement due to droplet 

evaporation, and blockage of radiant heat) 

• fuel coverage (includes cooling of fire base due to direct impact of droplets, surface 

wetting) 

Chow [32] theoretically estimated the effect of evaporation cooling and found that there 

was essentially no evaporation for droplets with diameters greater than 0.5 mm. Downie 

and Gogos [30] experimentally studied gas cooling and oxygen displacement by 250 |im 

mist sprays. The changes in gas temperature and oxygen concentration were measured 

within a buoyant diffusion flame in a natural gas (methane) enclosure fire. They observed 

that both gas cooling and oxygen displacement was insignificant. This was attributed to the 

droplets' physical deflection from the fire plume, rather than to insufficient cooling or 

evaporation. Computational results of Chow (1989), Downie and Gogos [30], Morgan [36], 

Hinkley [20] and Bill and Ural [9] confirmed experimentally that oxygen displacement 

mechanism does not play a dominant role in the extinguishment of compartment fires. On 

the other hand, Kung [25], Wighus [42] and Rasbash et al. [24] established experimentally 

that the most effective and probable extinguishing occurred when droplets were supplied 

either in the combustion zone or in a hot gas layer. They also determined that a 
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combination of oxygen depletion by production of steam, and coohng by the evaporation of 

water, resulted in extinguishment. In the recent work of Bill and Ural [9], it is suggested 

that mist sprays can be used in fire suppression as total flooding agents with much better 

success in comparison with gaseous flooding systems, since mists are much less affected by 

fire shielding or location, as well as by ventilation. 

The range of mole fraction of steam necessary for extinguishment by water mists of droplet 

diameters from 150 - 300 }im, was specified by Kung [25] and Rasbash et a/.[24]. to be no 

less than 30% and no more than 40% of this range. These figures were obtained from 

single small and large scale experiments, respectively, in Kung's and Rasbash et al.'s works. 

The CFD results of Sousa et al. [3] and Hadjisophocleous et al. [4] for a similar range of 

droplet diameters were not verified against these experiments. 

The contribution of radiation attenuation by water droplets was identified as an 

insignificant source of reduction of thermal feedback to burning and unbumed fuel surfaces 

[1]. Downie and Gogos [30] showed that the radiation attenuation effect of water droplets 

injected into a flame, cannot be separated experimentally from the total spray cooling 

effect. In theoretical works, such as Log's [35], Lage and Rangel's [34] or Stephenson and 

Coward's[33], the water droplet absorptivity was estimated. Log modelled the radiant heat 

attenuation in fine water sprays dependent on droplet size distribution and spray load. The 

effect of scattering of radiation on droplet surfaces was found to play a dominant role 

compared to absorption. To achieve a significant radiant blocking effect, extremely small 

droplet sizes were required, with diameters less then 50 fxm. The data of Ravigururajan and 

Beltran [54] in fire radiation, confirmed these results, since the maximum attenuation factor 

was found to correspond to those droplet radii of the order of the incident wavelength, i.e. 

from 0.6 to 25 |im for infrared radiation. In both of these works, the significant role of 

droplet loading in radiation attenuation is outlined. 

The connection between radiation absorption and water droplet evaporation for small 

droplets in the range of 50-100 |j,m was studied by Lage and Rangel [34]. It was found that 

radiation absorption can play a potentially significant role in droplet vaporisation. In 
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addition, absorption fraction increases rapidly during droplet vaporisation as the droplet 

diameter decreases [34] indicating that under usual combustion conditions of 1500-2000K, 

there is an insufficient amount of radiative energy to induce explosive boiling of water 

droplets. Water droplet emissivity was neglected by Chen and Trezek [55] in their work on 

thermal performance of water sprinklers. 

2.1.2.2 Fuel coverage 

Fuel coverage due to direct impact of water to the fire base, in order to cool and wet the 

combustibles, is the most conmion fire suppression mechanism. However, the interaction 

between droplets and burning fuel have been studied by a limited number of workers [56], 

and governing parameters of extinguishment have not yet been established. Rasbash et al. 

[4] in small scale laboratory experiments described the interaction between droplets and 

different liquid fuels, but only qualitative explanations of the extinguishment phenomena 

were given. The mechanisms of extinguishment of solid combustibles were also 

investigated by Yang et al [29] using small scale experiments where the droplet diameters 

and water flow rate were indicated as the main governing parameters affecting the 

extinguishment time. It was found that the larger the diameters, the longer was the 

extinguishment time. This conclusion does not apply to large scale fires controlled by 

standard sprinklers, where larger diameters have better penetrative abilities and suppression 

results [27, 28, 40]. The difference can be attributed to the effect of hot gas buoyancy on 

droplets of varying sizes. This problem falls within the area of scaling which in many cases 

of experimental fires does not exist [14]. 

2.2 CRITERIA FOR FIRE EXTINGUISHMENT 

In this thesis, the phrase 'criteria of extinguishment', implies a gauge of sprinkler 

effectiveness in terms of fire extinguishment. As classified by Pepi [57], there are three 

possible sprinkler performance objectives: 

• fire suppression, i.e. a sharp reduction in the rate of heat release with no re-

growth; 

• extinguishment, i.e. complete suppression of a fire with no burning combustibles 

17 



• control which is limiting the fire growth by controlling gas temperamre. 

Thus, sprinkler performance in fire can be estimated in terms of three modes: fire 

extinguishment, fire control and failure. Depending on safety objectives, an acceptable 

sprinkler design ensures prevention of the fire spread by controlling or extinguishing the 

fire. Hence, qualitatively, sprinkler performance can be described based on "pass/fail" 

consideration depending on fire development after sprinkler activation. However, there is a 

lack of quantitative criteria of sprinkler performance or fire suppression/extinguishment in 

the fire literature. Some of the attempts to quantify water spray performance in 

compartment fire fighting are listed below. 

Extinguishment is due to the removal of heat by water droplets, which causes a reduction in 

the compartment gas temperature. Spray heat removal effectiveness was measured by 

Kung [25] and specified as the spray heat absorption ratio (SIL\R). SHAR is expressed as 

the heat actually extracted by the water spray divided by the total heat release rale. 

Following Wighus [42], SHAR can be calculated or measured based on the conservation of 

energy equation: 

Q = Qwater + Qwall +Qceil + Qfloor + Qvent (2.1) 

where Q is the total heat release rate (HRR) of a fire; Q^^ater ^wall' ^ceil' Qfloor ^^ 

Q^QJ^l are the heat absorbed by the water, walls, ceiling and floor, and convected by 

ventilation, respectively. Then, SHAR can be derived as follows: 

SliAR = 1 - { Qwall +Qceil + Qfloor + Qvent }/Q (2-2a) 

or 

SHAR = Qwater/Q (2.2b) 

Therefore, SHAR can be found in two ways: indirectly, by measurement of the total losses 

to the environment as in Equation (2.1), or directly, by estimating the heat absorbed by the 

water, including convective heating and evaporation. 
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Qwater = ^^^ ^ -H m^C ^^ (T,^ - T ^ ) (2 .3) 

where L is the latent heat of evaporation of water; Cp^ is specific heat of water; T̂ ^ and T^ 

are the water evaporation (boiling) and initial temperamres, respectively; m^ is the water 

discharge rate, and m̂ .̂  is the water evaporation rate. In Wighus's work, SHAR was 

estimated experimentally. It was reported that a spray that does not instantly absorb more 

than 60% to 70% of the HRR of the fire would fail in extinguishment. 

Evidence of successful sprinkler operation or theoretical extinguishment in several works 

impUes partial heat extraction, for example, up to 90% in Yao's work [27]. Some of the 

computational works use SHAR only to characterise the sprinkler effectiveness without 

modelling suppression, as in [32, 38]. In the case of water mist systems, another 

mechanism of fire extinguishment is oxygen depletion due to evaporation. Hence, 

extinguishment may be achieved with a mist system even when the quantity of heat 

removal is less than required for SHAR > 90%. 

One of the possible approaches to the problem, especially in fire zone or field modelling, is 

to determine whether the sprinklers provide the pre-established safety level in terms of 

temperature distribution [16]. For example, Pietrzak et al. [48] used an average room 

temperature drop below 150°C and wall/ceiling temperature reduction below 200°C as the 

fire control criteria in their fire-sprinkler interaction model. This approach to assessment of 

sprinkler performance seems to be most reasonable from a practical point of view. 

The adiabatic flame temperature is used to determine the threshold of extinguishment in 

[43]. Novozhilov et a/.[43] used a constant adiabatic flame temperamre of 1600 K in the 

simulation of fire suppression due to sprinkler operation. This approach would have been 

correct if it had taken into account the dependence of the flammability level on the fuel-air-

water vapour mixture fraction [26, 58]. In fact, 1600 K would have been appropriate only 

for premixed hydrocarbon fires. 
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2.3 MODELLING OF THE INTERACTION BETWEEN FIRE AND SPRINKLERS 

This section reviews the ways of modelling two of the main parameters of Table 2.1 water 

spray properties and fire scenario. To illustrate the modeling of water spray properties, 

droplet models are considered, while to describe the fire scenario, zone and field models are 

reviewed. The numerical approaches to fire-sprinkler interaction are also summarised. The 

description is restricted to enclosure fires which evolve in confined spaces inside buildings, 

with little dependence usually on the outdoor envirormient. No discussion is included on 

fires in an open atmosphere or accidental industrial fires which are usually associated with 

explosion development and external fire spread. 

2.3.1 Droplet models 

There are two distinct approaches to model the effects of a spray as a collection of moving 

droplets on a fire environment: Eulerian-Eulerian and Eulerian-Lagrangian approaches. 

The first approach treats the fire and droplets as two continua occupying the same space. 

The second method treats the droplets as individual particles, i.e. as a discrete phase in the 

continuum fluid phase. Computational works studying multi-phase processes, such as spray 

drying and cooling, and usually use the second approach. In this approach, three equations 

governing heat, mass and momentum exchange for a discrete phase are solved separately, 

and then, droplet momentum, heat and mass flow rates are introduced as source/sink terms 

in the gas flow equations. This coupling technique was first applied by Crowe et al. [59] to 

describe the dynamics and heat-mass transfer of two-dimensional gas-particle systems. The 

resulting model is known in the literature as the Particle-Source-in-Cell (PSI-Cell) method. 

The method is popular in modelhng fire-sprinkler interactions [4, 3, 43, 38, 60, 61], and it 

is employed in this thesis. The restrictions of this technique arise from the assumptions of 

low droplet concentration and low gas turbulence [22]. 

More specifically, in the Eularian-Lagrangian treatment of a discrete liquid phase, a number 

of individual particles can be characterised by a droplet distribution ftinction. For this 

purpose, either a monodisperse case of initial single droplet diameter, or a polydisperse 

case of initial droplet diameter variation, for example, as defined by the Rosin-Rammler 

function, can be considered. The droplet trajectories and mass and temperature histories 

20 



are obtained by integrating the equations of motion for each of the droplets in the gas flow 

and solving the mass and heat balance equations at the interfaces. In the basic equation of 

motion, the drag force on each particle is taken into account and relative velocities are 

calculated. The rates of droplet temperature change and mass flow are determined through 

considerations of convection heat transfer and evaporation mass transfer, as in Equation 

(2.3). The model governs the multi-phase processes, such as spray drying and cooUng, and 

the resulting heat-mass transfer model is known in the literamre as the 'drier model' [53, 

59, 62]. The drier model is the best known apphcation of the PSI-Cell technique. A 

literature review on the existing approaches to the problem of particle transport in a 

turbulent gas flow can be found in [63]. The stochastic droplet dispersion due to turbulence 

can be included within Lagrangian formulation using the technique proposed by Gosman 

and loannides [64] in connection with spray combustion. 

There is agreement in the literamre regarding the heat and mass transfer coefficients, since 

the basic Ranz-Marshall [65] correlations for Nusselt (Nu) and Sherwood (Sh) numbers 

have been found to be satisfactory by most researchers [4, 22, 53]. Much less agreement 

exists with respect to the droplet drag coefficient. In Paji and Galustov's work [50, p.40], 

17 different approximations for the drag coefficient are compared for different conditions. 

The assumptions that the droplets are spherical, isothermal, and sufficiently distant from 

each other, i.e. non-interacting, are justified in spray cooling processes [22, 38, 55]. 

No distinct radiation model exists for water droplets within fire-sprinkler interaction 

models. The discrete transfer method of Lockwood and Shan [66], is used widely to 

approximate radiation exchange between solid boundaries with known geometry [3, 43, 

62,]. In this method, the radiant heat transport equations are solved along a specified 

representative ray between the two boundaries. The gas and soot particles between the two 

boundaries are considered as an absorbing, emmiting and scattering medium with known 

isotropic coefficients. The discrete transfer method is usually available in CFD packages, 

such as Furnace or FLOW-3D. This method is not applicable to a medium with anisotropic 

scattering properties where the rays' path length can not be specified a priori, as the theory 

demands. In addition, for a system with many particles, such as a mist spray system, the 
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incoming radiation is scattered many times, and the scattering function is anisotropic [33]. 

In this case, the radiation exchange can be modeled randomly using the Monte Carlo 

technique [67], but there has been no attempt to apply this technique to investigate spray 

performance in fire. 

2.3.2 Numerical models of fire environment 

Numerical models that simulate heat and mass transfer processes associated with a known 

enclosure fire source, fall into one of two categories: zone models and field models. The 

essential difference is in the way they treat the fire induced hot gas movement or buoyancy 

and their utilisation of experimental information. 

2.3.2.1 Zone models 

In zone modelling, the hypothetical fire compartment is divided a priori into several 

distinct zones, or layers of consistent fire behaviour. The assumption is based on 

experimental observation of gas layering. One or more zones may be specified. Typically, 

up to three zones are considered: 

1. A lower layer of cool air, assumed to be effectively stagnant and 
isothermal; 

2. A higher layer of hot gases beneath the ceiling, again assumed to be 

effectively stagnant and isothermal; and 

3. A rising plume of hot gases above the burning object, which entrain 

the surrounding air. This is the only boundary that is penetrated. 

The mixing of horizontal layers is otherwise neglected [20]. 

The buoyancy generated by any burning object, causes the formation of a plume which acts 

as an upward force to move heat and mass from the lower layer into the upper layer [68, 

p.5]). As the fire progresses, the thickness of the lower cool layer decreases, causing the 

interface to move downward. If the growing upper layer radiates a sufficient amount of 

heat to unbumt combustibles, they will ignite, causing sudden fire growth known as 

flashover. 
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The mathematical approach in zone modelhng is based on solving a set of fundamental 

equations for conservation of mass and energy, which describe the interaction between 

assumed zones. Within these zones, empirical expressions are used to describe the physical 

properties of the fire, such as the maximum gas velocity in the plume [58], ceihng jet 

velocity and temperatures [69], temperature distribution as a function of the vertical 

distance from the fire source, flame height and width [58] and hot layer thickness. 

Calculations can be performed relatively quickly with zone models, even on moderate size 

computers, and they result in acceptable predictions of the centerline temperamre and hot 

layer thickness. As a result, zone models are attractive in engineering practice, and their 

development continues [14]. Some of the commonly used zone models are listed in 

Appendix A together with their applicability criteria, input and output parameters. The 

main weaknesses of the zone approach are the difficulties in determining the number and 

location of representative zones, the uncertainty of the existing empirical expressions in 

some applications and the absence of experimental data to determine related empirical 

constants [14]. 

Zone modelling has been used in engineering applications to predict the characteristics of 

fire-sprinkler interaction. A one-zone model with uniform compartment gas temperamre 

was employed by Pietrzak et al. [44, 47, 48], Morgan [36], Wighus [42] and Unoki [70] to 

estimate their experimental results. Gardiner [41] developed a quasi-zone-field model, 

describing the interaction between a sprinkler and buoyant layers of hot gases due to fire, as 

mentioned by Hoffman and Galea [22]. Pietrzak et al [48] studied the optimum droplet 

diameter in fire suppression with both gas and fuel cooling mechanisms. However, no 

mathematical description of their model exists. Chow [32] employed the Harvard V fire 

compartment zone model, to estimate sprinkler effectiveness. Hinkley [20] used zone 

modelling to describe sprinkler-fire interaction. In these works, only the sprinkler 'macro-

characteristics', as referred to by Chow and Fong [38], have been obtained. These are, the 

total heat extiracted by the spray [32,42], and the overall drag-to-buoyancy ratio (D/B), i.e. 

the ratio of the overall drag force on the spray, D, to hot gas buoyancy, B. This ratio can be 

used to estimate the stability of the smoke layer [36]. In terms of these macro-parameters, 
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zone modelling gives acceptable agreement with experiments. However, sprinkler-fire 

interaction with a comprehensive account of droplet dynamics and heat transfer has not 

been simulated within a zone model, and this gap is filled by the present work. 

2.3.2.2 Field Models 

Another deterministic way to model the fire environment is through field modelling which 

gives a much more detailed prediction of the fire environment behaviour than a zone 

model. Field models divide the room into a large number of elemental cells in which mass, 

momentum and energy transport equations are solved numerically point by point by 

applying appropriate boundary conditions. Field modelling in fire simulation falls within 

the area of Computational Fluid Dynamics (CFD). It involves the numerical solution of a 

set of three-dimensional, time dependent, non-linear coupled partial differential equations 

of linear momentum, i.e. the Navier-Stokes equations, to describe the gas flow. Based on 

the method of turbulence treatment, two main approaches are used in fire simulations: a k-e 

type of turbulence model [22,38, 71, 72] and Large Eddy Simulations (LES) [73,74]. A 

review of traditional field models with k-e type mrbulence models and a brief description of 

LES can be found in [75]. Direct numerical simulation (DNS) is an upcoming CFD 

approach in fire modelling. [76]. This technique avoids the inaccuracy due to averaging 

and empiricism involved in k-e type simulations, but even with modem computational 

hardware, it is still unacceptably expensive. The question of applying one or another CFD 

technique to fire modelling relates to the question of creating or improving the relevant sub

models for the combustion zone, water droplet performance, radiation transfer, etc [77]. To 

receive a realistic picture of the overall fire phenomena, all aspects of the problem must be 

studied. The objective of the present research has been to prepare a complete sub-model 

related specifically to water droplet behaviour with relevant smdy of all aspects of fire-

sprinkler interactions. Although the sub-model has been used only with a zone model so 

far, it can be used in conjunction with a field model as well. A summary of selected CFD 

works in fire modeling follows. 
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Using the PSI-cell coupling technique, Hadjisophocleous et al. [4] obtained from 10 to 20 

times lower suppression times than indicated experimentally with a three-dimensional 

CFD-code, TASC-flow. Using the same approach for the simulation of sprinkler-fire 

interaction. Chow et al. [38,39] developed a three-dimensional field model and indicated 

both fair and poor agreement for the same compartment. Large deviations from 

experimental results were observed at the positions within the compartment close to the 

combustion zone (100% and more) and the ceiling's vents. The authors explained these 

discrepancies by the absence of a combustion model, and by the lack of data for free 

boundary conditions. On the other hand, Hoffman and Galea [22] obtained their best 

results for a location directly above the fire source rather than for a location away from the 

fire. They used the Eulerian-Eulerian approach and a commercial computer program, 

PHOENICS, for the three-dimensional analysis of the fire environment with sprinkler 

implementation. For their work, the suppression phenomenon and combustion were not 

modelled, but a comprehensive investigation of gas re-circulation caused by spray 

intervention was performed. However, the effects of different sprinkler properties, such as 

droplet diameter or water flow rate have not been investigated in any of the above 

mentioned works. 

One of the CFD packages, used to model fire is FURNACE, developed by Boyd and Kent 

[78] and modified by CESARE (Centi-e for Envu-onmental Safety and Risk Engineering, 

VU). FURNACE is written in FORTRAN. It uses the basic k-e model for turbulence, and a 

discrete transfer model for radiation [66]. An attempt to add a droplet sub-model to 

FURNACE has already been made by Novozhilov et al. [43], together with one of the co

authors of FURNACE. However, this combination contains only one macro characteristic 

of spray thermal performance, namely, a critical water flow rate as a function of droplet 

diameter. In addition, droplet trajectories are calculated for small droplets; whereas water 

demand for suppression are calculated for large droplets. 

Another commercially available package, CFX, has been employed by different authors to 

model water droplet and fire interaction. The program provides two selective approaches to 

modelling the continuum-discrete phase interactions, Eulerian-Eulerian and Eulerian-
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Lagrangian. The Eulerian-Lagrangian approach has been used in a study of 2D fire-

sprinkler interaction [37]. The authors demonstrated the results of momenmm exchange 

between the two phases. However, they do not provide either a comparison with other 

results or the droplet input characteristics. Hoffman and Galea [22], using the Eulerian-

Eulerian approach, ran test problems using CFX4 (Harwell, UK) flow modelhng software, 

and qualitatively correct results were presented for fire-sprinkler interactions. These 

authors also outlined that the utilisation of CFD packages is first of all a computer time 

issue. A Lagrangian particle transport model available in the library of CFX apphcations, 

allows to study droplet movement and convective heat transfer with surrounding gas flow. 

The drag coefficient and heat-mass transfer coefficients of this model can be modified by 

the user. However, no other flexibility exists. This particle transport model cannot be 

separated from the rest of the software, and hence, it can not be used in connection with a 

zone model. In addition, convection is the only mode of heat transfer, considered. 
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3 DROPLET DYNAMICS 

3.1 INTRODUCTION 

Although many publications on fire-sprinkler interaction contain models of spray droplet 

dynamics, only a few provide sprinkler trajectories in fire induced gas flow and related 

spray characteristics. On the other hand, most experimental and numerical results in fire 

suppression by water sprays can be explained with a clear understanding of droplet 

dynamics. One of the problems in comparing model spray dynamics with experimental 

evidence is the lack of input data, such as initial velocities and angle distribution within the 

spray. A droplet sub-model has been developed in this study for zone modelling of fĥ e 

environments. In this chapter, trajectories are described based on the numerical solution of 

the equations of droplet motion in gas flow under gravity and drag forces. Heat transfer is 

excluded, and consequent changes in gas and droplet temperatures or droplet mass, are not 

accounted for. Droplet residence time is identified as a key factor of droplet dynamics 

affecting spray thermal performance. With droplet residence time, the dynamics model is 

linked to heat and mass transfer between water spray and hot gas as described in Chapter 4. 

In this chapter, a sensitivity analysis has been carried out to determine the effect on droplet 

residence time on droplet diameter and distribution, initial droplet angle and velocity, and 

gas velocity profile. The results are analysed with respect to three different relative fire-

sprinkler locations. These numerical results indicate the existence of an optimal droplet 

diameter in gas cooling. 

3.2 BACKGROUND 

A droplet sub-model has been developed for the purpose of predicting fire-sprinkler 

interaction. This sub-model serves to predict the different effects imposed by injected water 

spray into a fire environment. The fire environment can be presented as a gas flow 

characterised by temperature and velocity distributions. The basic continuity, energy and 

momentum conservation equations are then applied to this flow. Representing the spray as 

a discrete particle flow, the presence of droplets in a gas flow can be accounted for by 
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introducing source/sink terms into gas equations. In order to evaluate these terms, droplet 

trajectories, mass and temperature histories should be predicted first based on solving 

momentum, mass and energy balance for the droplets. In this chapter the droplet 

ti-ajectories are obtained explicitly from the equation of motion. Analysis is simphfied to 

the case of one-way coupling, e.g. it is assumed that the droplets do not affect the gas 

velocity distribution, while gas velocity affect the droplets. The droplets in a spray are 

considered to behave as isolated spherical particles and their motion is governed by friction 

drag and gravity [32, 36, 41, 59, 79] forces only. 

Complicated particle interaction is difficult to account for and errors may arise from the 

consideration of droplet motion as single particle flow rather than within a spray. Particle 

interactions in a dense flow can cause reductions in heat transfer up-to 38% as stated in 

[63]. The drag coefficient and droplet motion can also be affected. For dense spray flows, 

the drag coefficient of a single droplet within the spray, Cd, can be corrected by the 

following empirical expression [50]: 

Cd/Cds = (l-Y)"'" (3.1) 

where y is the droplet volume concentration in the continuous phase equal to Vn /V. Vn is 

the total volume of all droplets, and V is the total volume of the spray space. Cds, the drag 

coefficient of a single isolated droplet, can be calculated using any standard single droplet 

equation. It is also stated in [50] that for y < 0.015, the droplets can be considered as 

independent from the presence of other droplets in the spray. 

The problem with real sprays arises from tiie fact that the droplet density is not uniform 

along the spray path. Near the nozzle the droplets may occupy a significant volume of the 

gas phase in comparison with distances further down. Another limiting value of y is given 

in [80]. For y > 0.05, the droplet ti-ajectories are close to each other and the following 

expression is suggested to correct the droplet drag coefficient, Cds [80]: 

Cd/Cds= 1 +3.5y (3.2) 
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For common fire spray discharge rates (1-2 kg/s) and ratios of total droplet to spray cone 

volumes, the values of y were found to be below the threshold for interacting droplets. 

Estimated values of y are about 3x10^ to 6x10"^ for the whole spray, and 0.01 to 0.03 at a 

distance of 0. Im from the nozzle for 1-2 kg/s water sprays. 

In the remainder of the spray (y < 0.05), even though the droplet trajectories are separated, 

the effect of droplets following each other in a line may cause the reduction in the drag 

coefficient. As explained in [80], gas motion induced by droplets can reduce the overall 

resistance to the movement of the following drops. This reduction depends on droplet size 

and, as indicated in [80], it can reach as much as 30% for 300 \im droplets. No data are 

provided regarding water flow rates or larger diameters. 

In [80], it was shown by CFD simulations with particle tracking that a water spray of 1.57 

kg/s and droplet diameters from 0.5 to 1.2mm had a negligible effect on the gas flow field. 

Therefore, no correction has been used for Cd in the present study considering that sprays 

below this rate are not dense enough to have droplets affect each other's movement. 

In relation to droplets' effect on their surrounding as suggested in [81], the Stokes number 

can be used for spray spreading in "an organised turbulent structure": 

St = 2piR^AJ(9pgL) (3.3) 

where pi is the liquid density, R is droplet radius, Au is a characteristic shp velocity between 

droplets and gas, fig is the gas viscosity, and L is a characteristic length associated with the 

gas flow. According to [81], if St < I the droplets can follow the gas flow. If St >1, then 

droplets do not have time to interact with flow vortices, and their behaviour is independent 

of the flow if St = 0(1), then droplets interact witii the flow, and there is a non-zero slip 

velocity between the droplets and the flow. 
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In [81], how to estimate L in Equation (3.3) is not explained. It has been assumed here for 

preliminary estimations, that L is the same order as the fire plume radius in fire 

environment. For Class 2 and Class 3 mist and sprinkler sprays, the conditions for fire 

sprays are more likely to fall into the third category of St = 0(1). This condition is acmally 

applied in the present study. 

Special consideration should also be given to the reduction in the friction drag coefficient 

due to droplet evaporation causing the so called "blowing effect" around droplets [63]. 

High droplet evaporation rates may cause a substantial reduction in Cd- This may become 

especially important for mist spray applications when small droplets are immersed into high 

gas temperatures. Possible corrections for Cd and heat and mass transfer coefficients 

connected to the effect can be found in [59, 63], and these will be discussed in the heat-

transfer section (Chapter 4) of the present thesis. 

3.2.1 Basic Equations 
Assuming that only gravity and drag forces act upon droplets, Newton's second law of 

motion for a particle of constant mass can be expressed as follows [59]: 

m<idv/dt = -0.5CdAdpg I v-u | (v-u) +m<ig; (3.4) 

dX/dt = v (3.5) 

where md, v, X and Ad are the mass, velocity, position vector and cross-sectional area of 

the droplet, respectively and u is the gas velocity vector. The first term on the right hand 

side in Equation (3.4) is the friction drag force, D, opposing the motion. The drag 

coefficient in these equations corresponds to that of a single solid sphere, and it is 

expressed by the following relationships: 
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Cd = (24/Red) (1 + 0.11 Red °^') for Red< 21 (3.6a) [80] 
0.667 Cd = (24/Red) (1+0.15 Red "^ ' ) for 21<Red< 1000 (3.6b)' [41,59,64] 

The Reynolds number, Rcd, depends on droplet relative velocity and droplet diameter: Rcd 

= d I v-u I pg/̂ ig; where d is the droplet diameter, ^g is the gas film average viscosity, and p 

is the free stream density [63]. The second term in Equation (3.4) corresponds to 

gravitational force. 

Air entraiimient into the spray due to spray movement is not considered in the zone-type 

environment discussed here. As indicated by Sirignano [63], air entrainment caused by the 

momentum coupling between liquid droplets and gas, is govemed by friction drag, pressure 

drag and thrust forces. Pressure drag associated with air entraiimient due to voids, and 

thrust associated with droplet evaporation are not accounted here for the droplet trajectories 

[50, 82]. However, it can be assumed that the effect of all these forces are indirectly 

accounted for by the empirical friction drag coefficient in droplet momenmm balance 

equation. This coefficient has been evaluated for moving and evaporating water droplets, 

and it includes the effect of all forces contributing to the resulting droplet motion. 

In this study, gas flow is taken to be steady and two dimensional, and it is represented by a 

given gas velocity distribution. The new particle velocity and coordinate as the droplet 

traverses the hot layer is obtained from the integration of the system of ordinary differential 

Equations (3.4) and (3.5) with defined initial conditions, for a given gas velocity. Both 

numerical [38] and analytical solutions [12,36,59,62] of Equations (3.4) and (3.5) exist in 

the literamre for different Cd(Re). However, experimental data are not available for droplet 

trajectories and instant velocities. 

The effects of internal fluid circulation and oscillation of the droplet shape on droplet 

behaviour are considered to be negligible, when the Reynolds number range is between 80 

' In [80], the range of Rej for Eq. (3.6b) is limited by 400. The experimental corrections for CD for the range 
of Red >400 for the case of polydisperse sprays can be found in [80]. However, the range of Red in present 
study usually does not exceed this limit. 
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and 300, for droplet diameters less than 1mm and gas to fluid viscosity ratio, )ig/|id of much 

less than unity [83,84]. Levich [85] states that even for larger Reynolds numbers and 

higher relative velocities, the effect of internal circulation is negligible due to usually 

existing water contamination on the droplet surface. 

3.3 DYNAMICS: RESULTS AND DISCUSSION 

3;3.1 Droplet trajectories in terms of relative fire-sprinkler location 

In the present study, sprinkler discharge is represented by a mean droplet diameter, initial 

droplet velocity and set of initial starting angles which vary from -90 to 90 degrees from 

the vertical axis. Two types of sprays, mist and coarse, are represented by two droplet 

diameters, 0.3 mm and 0.7 mm, respectively. Droplet trajectories are calculated based on 

the fourth order Runge-Kutta numerical integration of Equations (3.4) and (3.5). Initial 

conditions include droplet size, location and velocity vector (i.e. water bulk velocity with 

specified discharge angle). The initial time step of integration can be automatically 

changed by the program based on the solution convergence. Droplet trajectories are shown 

in different gas flow directions for fine and coarse droplets. The origin of the Cartesian 

coordinate system in the room is at the sprinkler head. The vertical axis, Y, is negative in 

the downward direction. The three types of relative sprinkler-fire locations are represented 

by the three gas flow directions. In this work, they are identified as Locations 1, 2 and 3 in 

Figure 3.1. 

Location 1: a horizontal (X-direction) gas flow (no vertical component), as usually exists in 

the hot layer. This scenario corresponds to spray operation far away from the fire source 

(corridor or remote site in the apartment of fire origin). 

Location 2: spray nozzle activated in gas flow with both vertical and horizontal 

components. This scenario can represent the plume turning point. 

Location 3: a vertical gas flow (positive Y-direction), as usually exists in the fire plume. 

This scenario corresponds to nozzle activation directly above the fire source. 
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Figure 3-1. Three cases of gas flow relative to fire sprinkler location. Gas velocity distribution is 
assumed to be uniform in all cases. Gas velocity magnitude is taken as 2m/s with an initial droplet 
velocity, VQ, of-5m/s. 

Among the three representations in Figure 3.1, Location 3 is the most critical when 

analyzing droplet movement. At this location, the high sensitivity of droplet dynamics to 

droplet diameter and gas-droplet relative velocity is indicated in Figure 3.2 (c and f)- At 

Location 3, the mist spray represented by 0.3mm droplets is blown away to the ceiling, 

whereas the coarse spray of 0.7mm droplets penetrates downwards successfully for the 

same initial velocities. At Location 1, although both sprays get deflected due to the 

horizontal gas flow (and finer droplets get deflected more than coarser ones, as expected), 

the effect is less than at Location 3. Location 2 represents the intermediate case (Figure 

3.2b and e). 
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Figure 3.2.. Droplet trajectories in uniform gas flow of 2m/s at the three relative fire-nozzle 
locations. The thirteen different trajectories correspond to the different droplet initial angles, oc, at 
the sprinkler head. Droplet initial horizontal and vertical velocity components are calculated 
using: VQX = yosin{a) and Voy=VoCos(a), respectively. Locations are represented by the different 
gas flow directions, (a) and (d) correspond to uniform horizontal gas velocity; (b) and (e) 
corresporui to gas velocity at 45° to horizontal; (c) and (f) correspond to updrafi vertical gas 
velocity, (a) to (c) correspond to the 0.3 mm droplet spray, arul (d) to (f) to the 0.7mm droplet 
spray. 

From a comparison between the shapes of the sprays given in Figure 3.2 (a and d) for 0.3 

and Q.lrcmt droplets, respectively, the trend of small droplets to move closer to the 

centerline in comparison with heavier droplets can be observed, regardless of the initial 

angles. This observation is consistent with die limited experimental data of Chan [86] as 

described by Nam [46]. The fact that the uprising fire plume does not allow the water 

droplets to reach the fire base can be found in the experimental observation [87] for mist 

droplet (0.3-0.5mm) sprays. High sensitivity of spray effectiveness to the relative fire-

nozzle location has also been indicated by Wighus [42] in his full-scale experimental smdy 

of propane fire extinguishment by ceiling mounted sprays. 
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3.3.2 Droplet velocities and residence times 

Droplet dynamic characteristics, such as droplet velocities and residence times, affect spray 

number density. The spray number density, i.e. the number of droplets per unit volume, in 

turn determines sprinkler heat ti-ansfer effectiveness. As seen from Figure 3.2, the relative 

fire-sprinkler locations have a profound effect on water spray behaviour, especially on 

small droplets. 

In Figure 3.3, the effect of the same three locations on droplet residence times is shown. As 

indicated previously, a sprinkler is represented by either 'mist' (0.3mm) droplets or 'coarse' 

(0.7mm) droplets discharged at different angles. Figure 3.3a corresponds to the 0.3mm, and 

Figure 3.3b to the 0.7mm sprays. As in Figure 3.2, gas profiles are uniform, and gas 

velocity magnitude is 2m/s. The results are presented for Im of vertical travel distance. 

The residence times of hght mist droplets of 0.3mm diameter at Location 3 are small and 

much less than the residence times of coarse sprays with 0.7mm droplets. On the other 

hand, in horizontal gas flow corresponding to Location 1, finer droplets are suspended for 

longer periods of time and have almost double the residence times of coarser droplets. 

I n i t i a l angrle to ver t i ca l (°) 

I 

. 
• 

" 
• 

. 
' 

' a7mm 

^x 

*, 
'\ 

N. 

—-^:::^=rnr= 

.̂'' 

.-'*-' 

/ - • - - -LocJ 
.' LocZ 

. ' —•—Loci 

^^..-^ 

Initial angle to vertical (°) 

Figure 3.3. Droplet residence times as a function of initial discharge angles. The residence time 
corresponds to either a vertical distance of Im or when the droplets (only the 0.3mm diameter ones) 
strike the ceiling, (a) 0.3mm droplet spray: (b) 0.7mm droplet spray. 
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In Figure 3.4, the relation between droplet diameters and tiieir residence times is shown for 

the range of diameters from 0.3mm to 1.5mm. Location 1 is chosen to allow all droplets to 

cover a similar distance without being diverted. It can be seen that the droplets smaller 

than 0.5mm show significantly higher residence times. 
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Figure 3.4.. Droplet residence times for different mean droplet diameters: 1- 1.5mm; 2 - 1mm; 3 -
0.7mm; 4 - 0.5mm; 5 - 0.3mm. Location I is chosen due to its common use in the literature. 
Horizontal gas velocity is constant, 2 m/s; layer depth is Im and droplet initial velocity is 5m/s. 

In terms of initial angles, coarser sprays have higher residence times at the periphery 

(-90°), and mist type sprays have longer times at the centre, 0°, when they are both 

discharged at Location 3, as shown in Figure 3.3. Therefore, coarse sprays are more 

effective with broader discharge angles, whereas mist sprays are more effective with 

narrow, more centralized spray patterns when directed downwards. The experimental data 

of Salzberg et a/.[49] on two spray patterns show the effect of the initial discharge angle on 

sprinkler effectiveness. Sprays of 60 and 90-degree initial angle were discharged by a high 

pressure hose equipped with a spray nozzle. The results indicate that the angle becomes 

important when an 'upwind attack' is present (co-current droplet motion and gas flow). In 

this particular case, the best performance in fire extinguishment was obtained with a 90-

degree spray. An explanation for this result can be given in terms of the present model 

calculations. In Figre 3.5, the residence times of mist droplets (0.3mm) discharged 
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upwards (co-current flow) and downwards (counter-current flow) in an uprising gas flow of 

2 m/s, are plotted. The advantage of 90-degree initial discharge compared to a 60-degree 

one in the 'upwind' (co-current) direction is clearly shown, since the residence time for the 

larger angle is much higher, and consequently, so too is sprinkler effectiveness. The 

residence times for the downward spray direction are given for comparison, and to outline 

the advantage of upwind direction for mist sprays. The advantage of a 60-degree discharge 

angle spray in downward direction [49] is confirmed by the lower curve in Figure 3.5. 
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Figure 3.5. Comparison of mist spray droplet residence times in upward and downward discharge 
directions. The spray is represented by 0.3mm droplets discharged under 10 initial angles from 0 
to 90°. The uniform updrafi velocity is 2m/s. 

To investigate the link between droplet momentum characteristics and droplet residence 

times in updraft gas flow, droplet vertical coordinates are plotted against instant velocities 

and time in Figure 3.6 and Figure 3.7 (a and b), respectively. In Figure 3.6, vertical 

velocities of 0.3mm to 3mm droplets are shown along the vertical distance from the 

sprinkler head in zero gas flow. Depending on the droplet diameter, droplets either 

accelerate (the heavier ones), or decelerate before reaching certain terminal velocities. 
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In Figure 3.7a, the vertical distances versus vertical velocities are plotted for the droplets of 

different sizes with equal initial velocities moving in the 2m/s updraft gas flow (Location 

3). Some of the droplets that decelerate, finally stop (the velocity drops to zero). These 

droplets then change their direction of motion, and their velocities change sign. There is a 

critical droplet diameter below which droplets turn up, and above which they go down. As 

shown in Figure 3.7b, the critical diameter is about 0.5mm at Location 3 for 2m/s updraft 

gas velocity. The 0.5 mm droplet quickly decelerates and attains its terminal velocity, after 

which the droplet slowly moves up with the gas flow. The upward motion of the droplet is 

so slow that it gets suspended in vertical gas flow. The value of the 'suspended diameter' 

corresponds to when a balance of gravity and opposing drag forces exists, and it depends on 

the magnitude of the gas velocity. As seen in Figure 3.7, 'the suspended' diameter 

becomes the diameter at which terminal velocity is close to the magnimde of the opposing 

gas velocity. The higher the gas velocity, the higher the droplet terminal velocity needs to 

be to balance it, and only heavier droplets can achieve this balance. These results are in 

agreement with experimental observations that the heavier the droplets, or the larger the 

droplets momentum, better is their penetration into the uprising fire plume [40]. 

Vy(m/s) 

Figure 3.6 The vertical components of droplet trajectories for different diameters for zero gas 
velocity. Droplet diameters are listed next to corresporuling curves. Initial conditions are the same 
for all droplets, consisting of7m/s droplet initial velocity arul 45° discharge angle. 
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Figure 3.7. Droplet vertical trajectories as a function of vertical velocities (a) and time (b) in the 
uniform updraft gas velocity of 2m/s. The droplet diameters are as listed. Location 3 is chosen as 
the most critical case. Initial coruiitions for droplets are the same as in Figure 3.6. 

3.3.3 Effect of gas velocity profiles: modelling fire induced gas flow 

In terms of gas velocity distribution, a real fire environment can be represented either 

by CFD models (with mrbulence and velocity field modelling, and with or without 

combustion), or by zone models. Zone modelling is based on ftindamental equations 

(continuity and energy conservation), and it describes the main zones of the fire 

environment by semi-empirical formulas [58]. In order to investigate the sensitivity of 

droplet dynamics to gas velocity distribution, a zone modelling approach has been adopted 

here. The following relationships proposed by Heskestad [88], for a plume rising above a 

fire source are used in the present study to describe the mean excess temperamre and 

corresponding mean velocity at the centerline of the plume: 

bAT = 0.12(T(/roo) l/2(z-zo) (3.7) 

ATo = 9.1[T^(gCp'p' ~)]^^Qc'^(z- zo)"'"" - 25 Qc'''(z- Zo)"'"" (3.8) 

Uo = [3.4[g/( c,y «)]"3Qe"3(z- zo)-''' = 1.03 Qc"'(z- zo)"'"' (3.9) 
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where ATo and T»o are the mean temperature rise above the ambient at the centerline of the 

plume (K) and the ambient temperature (K); respectively; Uo is the mean gas velocity at the 

centerline of the plume (m/s); bAT is the plume radius to the point where the temperamre 

rise has fallen to half of the centerline temperamre rise (m); Qc is the convective heat 

release rate of the fire (kW); z is the elevation above the fire source (m); zo is the elevation 

of the virtual origin above the source (m); g is the gravitational acceleration (m/s^); Cp and 

Po, are the specific heat capacity (J/kgK) and density (kg/m^) of ambient air, respectively. 

For pool fires, the virtual origin can be determined from the following expression ([58, 

Ch.4]): 

Zo = -1.02D-(-0.083Q '̂̂  (3.10) 

where Q is the total heat release rate (HRR) of the fire (kW), and D is the initial diameter of 

a circular fire source (m), equal to V(4A)/7C. A is the burning area (m^), which can be 

calculated as the ratio of a given total heat release rate to a nominal fire load density 

(kW/m^), such as 250kW/m^ for office fires [89]. In the present calculations, the 

convective heat release rate is taken as 70% of total heat release [58, 90]. 

In the flame zone, not considered in the present dynamic calculations, the temperamre is 

usually considered to be uniform (1100-1700°C), and velocity increases as the square of 

height, z, above (or below) the fire source [90]. The flame length, L, can be estimated by 

the following simplified equation of Heskestad [88]: 

L=-1.02D-H0.23QC^^^ (3.11) 

A summary of the different expressions is available to estimate the virtual origin, flame 

length and plume centerline temperatures and velocities [90]. As stated in [90], the 

temperature and velocity radial profiles were originally considered as "top hat" profiles 

(uniform profiles in the present study). This was modified into a Gaussian distribution by 
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Zukoski et al [90] without any theoretical background, using only experimental 

observation, resulting in the following expressions: 

AT = AToe^%T^^ (3.12a) 

u = Uoe-<'-V (3.12b) 

where ATo and Uo are given by Equations (3.8) and (3.9), respectively, GAT and Oy 

cortespond to the radii where local values of temperature rise and velocity are e' = 0.368 

times the centerline values. For Gaussian profiles, these values are as follows [88]: 

aAT = 1.201bAT and au/aAT= 1-1 • 

The effect of gas velocity profiles on droplet trajectories and residence times are shown in 

Figure 3.8 and Figure 3.9. In Figure 3.8, six trajectories of 0.7mm diameter droplets are 

compared in 0.2 and 0.5 MW Gaussian fire plumes and in a uniform gas velocity of 3.5m/s 

at Location 3. As shown in Figure 3.8, in the case of Gaussian gas velocity distiibution, 

only the centi-al part of the sprinkler discharge (from 0° to 68°) will reach die floor, while 

the periphery is diverted. The uniform upward velocity of 3.5 m/s 'blows away' the whole 

discharge. In comparison with the 0.7nun droplet trajectories in a 2m/s upward gas flow, 

given in Figure 3.2 (f), the behaviour in 3.5m/s gas velocity is quite different. These results 

relate to the problem of spray peneti-ation described previously. Spray peneti-ation depends 

on both droplet diameter and gas velocity vector (magnitude and direction). The residence 

times for the cases shown in Figure 3.8, are plotted in Figure.3.9. Times were recorded at 

2m of vertical distance, or, if droplets are diverted, when they stiike the ceiling (at the level 

of sprinkler head). As seen from Figure 3.8, the spray has zero peneti-ation to the fire base 

in 3.5 m/s updraft gas flow velocity. On the other hand, as indicated in Figure 3.9, the 

sprays above 0.2 and 0.5 MW fires of Gaussian velocity distiibution and 3.5m/s uniform 

gas velocity distribution have similar trend and values of residence times for large 

discharge angles. Thus, if die fire plume is represented by a uniform upward velocity, 

attention should be paid to the magnitude of this velocity. If the same gas cooling effect 
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needs to be achieved, then the droplets have to have approximately the same residence 

times. If penetration is important in modelling, then gas velocity should not exceed the 

'fluidization' level for the given mean droplet diameter. 

For horizontal gas flow, for a given distance from the fire, gas velocity and temperamre 

distributions across the layer in a bum room are close to uniform, according to 

experimental data available in the literature [91, 92a]. However, to allow a sensitivity 

study of droplet dynamics to gas velocity distribution, two types of horizontal gas velocity 

profiles were adopted here. The first is a uniform profile, characterized by one velocity 

value, as used in the previous calculations to characterize Location 1 (e.g. Figure 3.2a, and 

Figure 3.2d). The other is a 'triangular' or linear gas velocity distribution across the layer 

with a neutral plane (zero velocity) located at the bottom of the layer. 
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Figure 3.8. Trajectories of 0.7mm droplets in fire plumes modelled by Gaussian and uniform gas 
velocity distributions. The Gaussian distribution is for 0.2 and 0.5MW fires. The uniform 
distribution is modelled by 3.5m/s gas velocity. 
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Figure 3.9. Residence times as a function of initial discharge angle for the same conditions as those 
given in Figure 3.8. 

This type of distribution is available, for example, in the room of fire origin with an 'open 

door' scenario. There are two flows in such a compartment: the inflow of fresh air that 

entrains into the fire plume through the bottom part of the door and outflow of hot gas at 

the upper part of the door [92b]. Such triangular velocity profile can also exist in the 

corridor [92a]. The following equation is used to describe the 'triangular' profile in this 

study: 

u = u„,(D-y)/D (3.13) 

where u is the horizontal gas velocity at a specified vertical distance from the ceiling, y; D 

is the hot layer depth; Um is die maximum velocity value. Ceiling jet is not considered in 

this study, and the maximum value is taken just below die ceihng. 
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Figure 3.10. Residence times of 0.3mm droplets in uniform and triangular gas velocity profiles (a), 
and trajectories of 0.3mm droplets in uniform and triangular gas velocity profiles (b). The 
triangular profile has its minimum, i.e. the zero gas velocity, at Y=-1.0m from the ceiling, that is the 
bottom of the hot layer. The.maxima are at the ceiling, Y = Om, and at Y=-2m (entraining flow). 

A comparative analysis of trajectories under different gas velocity profiles at Location 1 is 

given in Figure 3.10 for the 0.3mm droplets. In Figure 3.10a, a comparison of residence 

times is given of 0.3mm droplets as calculated with the uniform and triangular gas velocity 

distiibutions. In Figure 3.10b, 13 trajectories of 0.3 mm droplets discharged under different 

initial angles are shown in the same uniform and triangular gas velocity profiles as in 

Figure 3.10a. The results indicate that even though the trajectories depend on velocity 

distributions, the residence times are unaffected by them for die selected magnimde of 

maximum gas velocity of 2m/s. This magnitude is considered reasonable for most pre-

flashover compartment fires [41 ]. Accordingly, if droplets of 0.3 mm or larger diameter are 

discharged far away from the fire, the horizontal gas velocity can be represented by a 

uniform gas velocity profile for the purpose of heat ti-ansfer calculations. From Figure 
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3.10b, it can also be concluded that in a fire environment, circulation of the small droplets 

of 0.3 mm or less, is also possible. The droplets can mm with entraining air, and they can 

be sucked in by the plume. 

3.3.4 Comparison with data available in the literature 

One of the problems in comparing model spray dynamics with experimental evidence is the 

lack of input data, such as initial velocities and angle distribution within the spray. There is 

a limited number of papers with experimental information on dynamic spray characteristics, 

such as droplet trajectories, velocity distributions or residence times. Most of the available 

information relates to the terminal values of either velocities or trajectories, usually without 

initial conditions. In the absence of such experimental data, a comparison has been made 

between the present predictions and the values given by Nam [46] of average acmal 

delivered densities (ADD) and water flux distributions for sprinklers with and without fire. 

Both the experimental and CFD (computational fluid dynamics) results of [46] have been 

used to validate the droplet dynamics treatment by the present droplet sub-model. 

The experimental and computational ADD results taken from [46] correspond to two areas 

located at 2.69 m below the sprinkler head. The two areas. Area 1 and Area 2, are 1.486 m^ 

and 5.226 m ,̂ respectively, around the spray centerline. The results are for two ESFR (early 

suppression fast response) sprinklers produced by different manufacturers, referted as 

ESFR-A and EFSR-B. The volumetiic mean droplet diameter is given as 2.65x10'^ Gw"̂ ^ 

and 2.268x10"'Gw"^^ respectively for ESFR-A and ESFR-B sprinklers. In these two 

expressions, the water flow rate, Gw, is in litres per second, and the resulting mean droplet 

diameter is in meters. In Nam's CFD predictions, discharge angles are determined as 

follows: 

ej = ei + (0o-ei)[(j-i)/(n-i)]p (3.14) 
where 0j, Gi and Go correspond to the j * , innermost (3°) and outermost (90°) discharge 

angles, respectively. The total number of discharge angles, n, is kept as 25, and p is an 

exponent which determines the degree of non-uniformity of the distribution. Ten droplet 

diameters, from 0.5dpmean to 2dpn,ean, where dpmean is the volumetric mean diameter, are 

assigned to each discharge angle, resulting in 250 trajectories. For 1.88, 3.15, 4.42 and 6.23 
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1/s, respectively, the values of dpmear were, 1.74 mm, 1.237 mm, 0.987 mm and 0.785 mm 

for the ESFR-A sprinkler, and 1.49 mm, 1.05 mm, 0.842 nun and 0.669 mm for die ESFR-

B sprinkler. In addition, to account for the effect of a central jet, 25 large droplets were 

discharged at the spray centerline. In the present calculations. Nam's droplet diameter and 

discharge angle distributions were used. For the cases with a central jet, each droplet 

diameter and the central jet constituted 1/11'*' of the total water mass. The central jet was 

kept within 3°. For the cases without a central jet, each droplet diameter corresponded to 

I/IO'^ of the total mass. 

In Figure 3.11, the present predictions with p = 1.25 in Equation (3.14) are compared widi 

Nam's numerical and experimental ADD results for water discharge rates of 1.88, 3.15, 

4.42 and 6.23 1/s to determine the effect of the central jet in the calculations. For each 

volume flow rate, four pairs of columns are given corresponding to the present predictions 

with and without a central jet and Nam's experimental and computational results. The first 

column of each pair corresponds to Area 1, and the second column is for Area 2. Figures 

3.1 la and 3.11b are for EFSR-A and ESFR-B sprinklers, respectively. This figure indicates 

that the central jet becomes effective at higher volume flow rates for Area 1. For Area 2, 

the difference in ADD calculations with and without jet is almost negligible. At lower 

volume flow rates, the present results without a jet are similar to Nam's experimental and 

numerical results. At the highest two volume flow rates, the present prediction of ADD 

compares well with the experimental values of ESFR-A without a central jet and of ESFR-

B if a central jet is modelled. This difference is attributed to the different droplet diameter 

distributions of the two sprinklers. ESFR-A has in general larger droplets than ESFR-B. 

Hence, ESFR-B is more conducive to modelling with a jet due to the possible coalescence 

of droplets close to the spray centerline. These results point out to the importance of the 

correct modelling of the central jet in predicting ADD with ESFR sprinklers. 

In Figure 3.12, the effect on the predicted ADD of different discharge angle distributions is 

examined. In Equation (3.14) above, p = 1.25 and p = 0.75 are used to represent uneven 

distributions, and p = 1 corresponds to a uniform distribution. In addition, a comparison is 

made between the use of a droplet diameter distribution and a constant volumetric mean 
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droplet diameter to represent the whole spray for p = 1. A central jet has not been included 

in these calculations due to the modelling uncertainty, as demonstrated in Figure 3.11. 

Figure 3.12 indicates that for all four volume flow rates used in the calculations, the type of 

discharge angle distribution has negUgible effect on ADD. The droplet distribution can be 

replaced by one mean droplet diameter for ADD calculations for volume flow rates of 4.42 

1/s or less. As the volume flow rate approaches the highest value used here, 6.23 1/s, the 

calculations with a mean droplet diameter underestimate ADD. 

In Figure 3.13, the present predictions of water flux as a ftinction of radial distance 

from the spray centerline are compared with the experimental data of Chan [86] as reported 

in [46]. Water flux is calculated for the ESFR-A sprinkler for 4.42 1/s and 6.23 1/s. A central 

jet is not modelled. The present numerical results are given by the solid and dashed lines in 

Figure 3.13, corresponding to Nam's droplet diameter distribution and one mean droplet 

diameter, respectively. The symbols correspond to Chan's experimental data [86]. As seen 

in this figure, the present numerical results are in agreement with Chan's experimental 

results. 
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Figure 3.11. Actual Delivered Density in the I" area (ADDl) and 2"^ area (ADD2). Comparison 
between prediction and experiments: a (ESFR-A sprinkler) and b (ESFR-B sprinkler). I" column -
ADDl; 2 ^ column - ADD2. 
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Figure 3.12. Actual Delivered Density in the 1" area (ADDl) and 2"^ area (ADD2). Comparison 
between ADD in terms of spray representation by different angle and diameter distributions. Angle 
distribution modelled by power law (p is a power value). Diameter distribution either corresponds 
to Nam's distribution or given by one mean droplet diameter a (ESFR-A sprinkler) and b (ESFR-B 
sprinkler). I" column - ADDl; 2"^ column - ADD2 
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Figure 3.13. Comparison of the water flux distribution obtained from the present model with the 
experimental data of Chan [86] given in [46]. Two different water flow rates are used in the 
calculations, as iruiicated. Chan's experimental data for two ESFR-A sprinklers are given by 
symbols. Calculations corresporui to droplet distribution (lines with symbols) and mean droplet 
diameter (single lines), both discharged at 25 initial angles. Sprinkler height = 2.69m from the 
floor. 

3.4 NUMERICAL EVALUATION OF THE EFFECT OF MOMENTUM COUPLING 

BETWEEN WATER SPRAY AND GAS FLOW 

Based on the Stokes number ranges as listed following Equation (3.3), there may be 

interaction between droplets and turbulent gas flow in the discussed range of droplet 

diameters. However, in zone modelling, turbulence and gas flow field are not modeled 

explicitly. Hence, the momentum coupling between spray and gas flow is only "one way": 

droplet trajectories are affected by gas velocity vectors, while possible changes in gas 

velocity due to droplet injection are not taken into account. In order to understand the effect 

of two-way couplings between gas flow and droplets, CFD simulations have been utihsed 

here. Two-dimensional steady planar gas flow has been studied with and without liquid 

spray injection in terms of a Lagrangian-Eulerian formulation. All simulations have been 

done using a commercial CFD package, CFX-F3D, Version 4.1 [93]. 
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3.4.1 Channel flow 

A long (8mx0.5m) plane symmetrical horizontal channel has been used to simulate a gas 

flow. This case has been chosen as a well-studied with results widely available in the 

literamre for comparison and similar worked examples available in CFDX-F3D Examples 

Manual [93]. To solve the problem in CFX-F3D, user needs to read a command file from 

the suitable reference example (say, "Introductory Example 4: Turbulent flow") to user's 

own directory and then modify the geometry, boundary conditions and model variables 

appropriately. The certain changes can be easily made under certain commands, 

subcommands and key words given in a command fde and explained in details in User 

Manual [93]. After the CFX has been mn with new command file and geometry, the output 

can be examined using CFX-F3D post-processing facilities, such as CFX-Visualise window 

(to view so-called dump files), or can be accessed through the output files containing a log 

of simulations, i.e. all the information stored in text or numerical form. 

The fluid flow is treated as steady isothermal with default reference temperamre (293.15K) 

air flow with mass flow boundary conditions applied at the inlet and exit to ensure a 

constant mass flow rate. Because it is a low speed flow, the default status of weakly 

compressible (practically incompressible [93]) flow was used. The flow profile at the inlet 

is assumed to be flat with bulk velocity of 2m/s. As recommended in [93], the two 

dimensional problem is treated as three dimensional with single internal plane in the Z 

direction. 

The flow is mrbulent and the default mrbulence model, which is the standard k-e model, is 

used. The wall boundary conditions are set as the default non-slip with zero turbulent kinetic 

energy k. Since variables change rapidly near the wall, a non-uniform grid is used with a 

finer mesh in this region. The results of grid refinement, plotted in terms of U (horizontal, X 

direction) and V (vertical, Y direction) velocity profiles calculated across the channel at 

different distances from the inlet, are presented in Appendix B. For flow calculations without 

a sprinkler, a 78x42x1 grid was chosen, after calculations showed that a finer grid, 
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78 x84x 1 led to neghgible variations. Based on the results, it was concluded that the CFD 

code successftilly predicts the developed turbulent gas flow in a channel. 

3.4.2 Two-phase flow; gas and water droplets interaction. 

A water spray is injected by one nozzle located in the middle of the channel upper wall at 4 

m from the inlet perpendicularly to the gas flow. The spray is represented by spherical 

droplets of a uniform diameter distribution and by 13 injection angles similar to the 

calculations presented earlier in this chapter. The simulation involves calculation of 

trajectories and velocities of dispersed droplets and two-way coupling through the source 

terms between the dispersed and continuous phases [93, Ch. 12]. With 13 trajectories, the 

whole 27t-discharge angle is divided into twelve sectors of 15° each. The droplet diameter 

was either 0.3 or 0.7 mm. Spray total mass flow rate was 1.84 kg/s. 

The momentum transfer between the phases is equal to the change in the momentum of 

droplets passing through each control volume: 

F = N(3/47cppdp')CdP I VR I ( VR)mpAt (3.16) 

where N is the total number of particles of given diameter; VR is a vector of droplet relative 

velocity equal to Vp - V; d is the particle diameter, p is the density, Ca is the droplet drag 

coefficient which is a function of Reynolds number [93] similar to the function used in 

present calculations; mp is the mass flow rate of the dispersed phase; At is the integration 

time step. The variables with index "p" relate to particles, with no index to the continuous 

phase. The particle Reynolds number is defined as Re = p|VR|d/|i. The momenmm 

ti-ansfer from the particles leads to a source (sink) of momenmm for the continuous phase. 

Convergence is considered to be achieved when the values for residuals of the conservation 

equation for the gas phase becomes smaller than 10"̂ , while the residuals for the other 

variables (enthalpy and velocities) are calculated accordingly. An average of 300 iterations 

was needed to achieve convergence. 
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The results of simulations of this spray-air flow system are shown in Figure 3.14. In this 

figure, the V-velocity distributions along the channel at 0.25m from the inlet port are given 

for 0.3 and 0.7 mm droplets. For grid-independence simulations for 78x42 and 78x84 grids, 

are also presented in the Figure 3.14 a and b. Gas flow velocity is found to be shghtiy 

affected by the droplets in the centre, in vicinity of sprinkler cone. The gas is "pushed-

down" by spray. The smaller the droplets, the larger the effect. This effect is similar to hot 

layer lowering during sprinkler activation since it has a similar trend towards droplet 

diameters (as discussed in Chapter 4). 
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i i i i i i i u i i i m i n i i i i i K 

Cell No from entrance 

G78x42^—G78x84 

V
(m

/s
) 

O.i 
-0.§ 

, 

6 

Cent re l ine: 0.3mm 

I I I ! 
.̂  -,^1 rflWlltaii 11. 

13 2G 3a 0^ 
Cell No from entrance 

G78x42 a G78x84 

bo / o 

Figure 3.14. The effect of the sprinkler spray on V-velocity distribution at the channel centreline, y 
= 0.25 m, along the channel length. The spray nozzle is located in the middle of the channel ceiling 
(x = 4 m arul y = 0.5 m). The grid iruiependence is also demonstrated, (a) droplet diameter 0.7 mm; 
(b) droplet diameter 0.3mm. 

The vector plot of gas velocity field with spray injection is shown in Figure 3.15 and Figure 

3.16, reflecting the trajectories and gas velocity vector field in the presence of 0.3 and 0.7 

mm sprays. 
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Figure 3.15. Droplet trajectories for a mono-disperse spray of droplet diameter 0.7 mm injected 
downward from the centre of the upper wall. The gas velocity vectors as indicated 
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Figure 3.16. Droplet trajectories for a mono-disperse spray of droplet diameter 0.3 mm injected 
downward frotn the centre of the upper wall The gas velocity vectors as indicated 
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The comparison between the droplet trajectories obtained through the simple zone 

modelling approach, presented earlier in this Chapter and those from the CFD results has 

been done in terms of droplet residence times. The results of this comparison are shown in 

Figure 3.17 for 0.3 and 0.7 mm sprays for all discharge angles. 
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Figure 3.17. Residence time comparison between CFX predictions and those of the present sub
model. Solid and dashed lines, CFX predictions for 0.3 and 0.7 mm droplets, respectively, n, 0.3-
mm and n, 0.7mm droplet residence times, respectively, as predicted with the present sub-model. 

Figure 3.15 and Figure 3.16, indicate that the presence of droplets does affect the initial gas 

velocity field. The trajectories are also affected by gas velocity, but only at the first 

coupling. There is no "four-way" coupling (a term used in [63] for dense sprays), and the 

changed under droplet influence gas flow field does not change back the droplet 

ti-ajectories. Thus, in terms of droplet residence times which, as shown in Chapter 4, is a 

key factor in heat transfer and spray effectiveness, "one- way" coupling is acceptable 

instead of "two-way" coupUng in zone modelhng. 

In the obtained results, there is no evidence of the gas mrbulence affecting the liquid flow. 

This result is well aligned with the explanation given in [63]. In a forced gas flow, its 

mass flux and mean kinetic energy, usually substantially exceed the kinetic energy 
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of the dilute liquid sprays, as well as of those of the turbulent field. Therefore, the spay 

flow is much more likely to receive its kinetic energy from the mean gas flow, than from 

the turbulent field. Also, the mrbulent field is also much more likely to be affected by the 

mean gas flow, than by the droplet flow^. 

3.5 CONCLUSIONS 

Two-dimensional droplet movement in gas flow under different initial conditions has been 

simulated. The fourth order numerical Runge-Kutta integration scheme was used to solve 

the system of ordinary differential equations of droplet motion under gravity and drag 

forces to obtain droplet velocities and trajectories in gas flow. The effects of input 

parameters, such as droplet diameters, initial angles, gas velocity distribution, direction and 

magnimde, are investigated. The features of real fire-sprinklers and fire environment are 

assigned to droplet and gas initial parameters, respectively. Consequently, the sprinkler 

spray droplet dynamics is smdied using a zone-type fire environment description. The 

conclusions of this study can be summarised as follows: 

1 Droplet residence times are found to be highly sensitive to droplet diameter and 

initial angles, especially in vertical (counter) gas fiow, at Location 3. At this 

location, the residence times of 0.3 mm diameter fine droplets can be an order of 

magnitude different than the residence times of 0.7 mm diameter coarse droplets. 

At a given location, for one droplet diameter, the residence time can vary by 

approximately a factor of three depending on the initial discharge angle. 

2 It is possible to represent fire induced gas flows by uniform gas velocity profiles, 

provided that an equivalent to non-uniform case droplet residence time is used 

3 A limiting droplet diameter exists at Location 3, i.e. valid if the counter-flow is 

established. The spray penetration ability through a fire plume depends on whether 

the spray mean droplet diameter exceeds tiiis limiting value. The magnimde of 

limiting diameter depends on the relative gas-droplet velocity: the limiting diameter 

2 During fire in domestic size room (20m^), the usual mass flow rate of gases is about 30 kg/s, while nominal 
sprinkler flow rate is Ikg/s. 
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corresponds to the case when droplet terminal velocity close to gas velocity, i.e. 

relative velocity close to zero 

The present results and their comparison with experimental and numerical works 

have revealed the importance of realistic spray representation in terms of droplet 

diameter distribution, range of initial angles and central jet. However, one mean 

droplet diameter, derived from a realistic droplet distribution, can be used in place 

of the distribution to represent the whole spray in terms of the total created by 

droplets interface. This conclusions is valid for volume flow rates of 4 l/s or less for 

residential or ESFR type sprinklers. 

The CFD calculations are compared with the present zone model approach in terms 

of droplet trajectories in a gas flow. This comparison revealed that "two-way" 

momenmm coupling exists between spray and gas flow. However, for the range of 

gas velocities, spray flow rates, and diameters used here, one way couphng is 

sufficient in determining the droplet trajectories and residence times. 
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4 DROPLET HEAT TRANSFER: GAS COOLING 

4.1 INTRODUCTION 

It is believed that the most important mechanism by which water sprays act to suppress a 

fire is heat extraction from the fire compartment [94]. Other mechanisms in fire-sprinkler 

interaction are oxygen displacement by steam, direct impingement, wetting and coohng of 

the combustibles. In a number of cases reported in the hterature, fire suppression or 

extinguishment has been under-predicted, i.e. the computed time of suppression is much 

shorter than that achieved experimentally, (Hadjisophocleous et al [87]). There are also 

cases where sprinklers have been unable to suppress fires, even though they comphed with 

the sprinkler performance requirements^. The unsuccessful use of steam for fire protection 

on marine vessels at the beginning of the cenmry was also reported [57]. All these cases 

indicate that there is no uniform answer yet on how sprinklers act in different simations, 

and how the different mechanisms of suppression contribute to the overall result. However, 

the main factors that affect fire-sprinkler interaction are known [19, 48] as the following: 

the discharge rate of water, mean droplet diameter, fire size (or room temperamre) at the 

moment of sprinkler activation, relative location of the sprinkler and fuel and ventilation 

conditions. The present study is an attempt to explain how and why these factors act, and 

how sensitive the total cooling is to each of these factors. 

4.2 BASIC EQUATIONS 

In most cases of compartment fires, the water is sprayed and delivered to the fire zone 

either by sprinklers, or by mist nozzles. This division is usually due to different type of fuel 

available in a room and, consequently, environmental conditions set up by the possible 

fires. While basic equations of heat and mass transfer for either type of spray are similar, 

the results are different due to different external conditions and spray properties. Thus, 

there are two main sections in this chapter, following section 4.2, Basic Equations: In 

Section 4.3, heat transfer from a moving hot gas layer to a sprinkler spray is examined, for 
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droplet diameters of 0.3 to 2mm and gas temperatures less than 200°C. In Section 4.4, heat 

absorption capacity of mist sprays is examined, covering droplet diameters of 0.2 to 

0.5mm within gas temperatures 600°-1200°C. Hence, Section 4.3 deals mostly with 

standard sprinklers, or Class 3 mist sprays, and Section 4.4 covers Class 2 mist sprays, as 

defined in Chapter 1. These two classes of sprays were chosen due to their common usage. 

4.2.1 The model of droplet-gas flow 

In the present smdy, a preliminary mathematical model of droplet dynamics and heat 

transfer has been developed to investigate the transport processes in gas flows typical for 

fire environment. The thermal performance of spray in cooling hot gas flow has been 

calculated as a function of operating conditions and dimensions. 

The general concept of calculation of gas-droplet couphng can be described by the Crowe 

et al's [59] model of gas-droplet flow. In this model droplets are ti-eated as sources of 

mass, momentum and energy to the gaseous phase. This model is known as the particle-

source in-cell (PSI-Cell) model and can be illustrated by Crowe at el's [59] computational 

scheme given in Figure 4-1. . 

The concept of solution of droplet-gas flow equations illustrated by Figure 4.lean be 

described as follows: 

1. The calculation starts by solving gas flow equations assuming no droplets are present 

2. Using the obtained gas flow characteristics (temperamres and velocities), the droplet 

trajectories, size and temperature histories are calculated 

3. The mass, momentum and energy sources for each cell are determined 

4. The flow equations are solved again using source terms and accounting for the effect of 

the droplets on the gas 

5. The new gas flow field is used to re-calculate droplet trajectories and temperamres, 

producing new source terms and accounting for the effect of the gas on the droplets 

One of such cases was an experimental fire in a toy warehouse. The warehouse was equipped with sprinklers 
according to the standards. The video with this fire is available in Standard Services Laboratory (SSL), 
Melbourne. 
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6. Repeat steps 2, 3, 4 and 5 until gas characteristics converge. 

The computational process usually takes several iterations to converge. The cycle in which 

the mutual interaction between droplets and gas is accounted for, is called "two-way" 

coupling in [59]. In the present work, the momenmm couphng is accounted for only in 

one-way fashion, e.g. dynamics and thermodynamics (heat and mass transfer) are 

uncoupled. Droplet trajectories are calculated, once under initial gas flow conditions and 

the calculated time of the droplet to traverse through the computational cell (residence 

time) is then used to account for total number of droplets permanentiy available in the 

control volume. 

START 

T 
SOLVE GAS 

FIELD 

CALCULATE DROPLET 
TRAJECTORIES, SIZE AND 

TEMPERATURE 

EVALUATE DROPLET 
SOURCE TERM 

SOLVE GAS EQUATIONS 
WITH SOURCE TERMS 

-No-
Con verge? 

Yes 

STOP 

Figure 4-1. Flow chart of gas-droplet flow computational scheme (reproduced from [59]). 

In PSI-Cell model, the number and consequently, the size of the computational cells may 

vary significantly depending on a gas model in use: from thousands of small cells (CFD) to 

one or two zones (zone models). Each zone (layer) can be subdivided into several sub-
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layers. The sources from numerous droplets can also be considered as one source term from 

one large droplet ("superdrop" or "meandrop" in Kumar et al's terminology [95]) of the 

same surface area as the group of droplets, having an evaporation and heat absorption rates 

as the sum of the rates of all droplets in a group. The number of diese "superdrops" can 

vary from one to few in different approaches and will be discussed further in tiiis chapter. 

In the light of the "superdrop" approach, the total mass flow rate of all individual droplets, 

Md, is discretised into weighted finite number of flow rates determined by the number of 

droplet size groups: 

md(di) = Mdf, (4.1a) 

where md(di) is the mass flow and ^ is the mass fraction of droplets with initial diameter di 

in the total discharge. While droplets are moving across the control volume, their size and 

mass flow rate are assumed to be constant, equal to the inlet values. Droplets do not collide 

or shatter. 

In the general case, droplets can be injected (or ejected) in (or from) more than one port. 

Thus, another weighting factor /j, is suggested [59] to account for the mass fraction of 

droplets originating from a port j . In this case, the mass flow of droplets, mdj (di) of size d, 

which enters the control volume at port j is given by: 

mdj{di) = Mjf^ (4.1b) 

The weighting factor, ,̂ can also account for the number of spray emission sectors if the 

spray cone is sub-divided into sectors [95]. The weighting has to be adjusted to give the 

pre-specified total sprinkler flow rate. Ma [95]. 

The number flow rate (N/di), s'') of discrete class of droplets of size dj at port j is then 

determined as weighted spray mass flow rate divided by the mass of an individual 

(representative) droplet: 
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Nj(d,) = ^ i ^ 

^ , Pd 

For this approach, droplets are spherical and pd is the density of droplet substance. 

Now, the most important spray characteristics, total number of droplets (Nij) with diameter, 

di, accumulated by each cell, can be calculated as follows: 

^iy=Nj(di)Td (4.3) 

where Td is the residence time of a representative droplet in the computational cell. This 

time is a result of the calculation of droplet trajectory traversing the cell (as described in 

Chapter 3). The total number of droplets with diameter dj, is tiien used to calculate the total 

surface area of the "superdrop" and, consequently, momenmm, energy and mass sources 

from the whole group of droplets. A coupling between droplet dynamics and 

//lermodynamics is, therefore, based on estimated time of the droplet as it traverses through 

the computational cell (residence time). 

4.2.2 Droplet-Gas flow equations 

A complete description of the gas flow, with distributions of temperature and vapour 

concentration requires derivation of differential equations in three-dimensional space with 

specified boundary conditions. These equations in their differential form can be found 

elsewhere and represent conservation of mass, energy and momenmm laws written for each 

control volume with source terms [22]. 

In general form, the conservation equations for the closed transient gas-water system can be 

given as follows [96]: 

'^mass 

energy 

momentum^ 
- ^ o . 

^mass ^ 

energy 

momentum^ 

+ • 

+ source 

-sink 

terms 
• = rate of accumulation (4.4) 
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where the symbol Z relates to gas flow changes and reflects summation of all input/output 

streams. Different streams for the same quality may relate to different mechanisms of 

changes, such as, for example, mass/heat transfer by molecular diffusion and convection. 

The rate of accumulation term shows the change in mass (energy, momentum) with respect 

to time in the volume of interest. For the cases of steady state, such as discussed in [59], 

this rate equals zero. 

From the engineering thermodynamics point of view, a steady flow with imbalance 

between inflow/outflow due to source/sink terms can be considered as a steady open system 

[97] where energy carried by gas is removed by a suitable mean (see Figure 4.2). 

Spray Inflow 

Gas Inflow 
•^Gas Outflow 

Tlg.outi ng out' l̂ g,out 

T 
Spray Outf low 

m<i_ouit h<i_out) Vj.o 

Figure 4.2. Steady droplet-gas system: fire induced hot gas flow cooled by spray 

Dealing with moist air (air-vapour mixmre), it is conunon to operate widi the term 

"enthalpy" instead of "energy". For the system shown inFigure 4.2, conservation equation 

(4.4) can be re-written as follows: 

(enthalpy flow out) - (enthalpy flow in) = AQ 

i.e. 

(m^hmix) out - (Wĵ hmix) in = AQ (4-5) 
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where indices "in" and "out" correspond to gas flow before and after interaction with the 

droplets; "mix" relates to gas and denotes mixmre of air and vapour; hmix is the gas 

enthalpy and m is the gas mass flow rate in kg/s. AQ is heat transferred from the gas to the 

droplets. In terms of thermodynamic coupling, AQ causes water enthalpy change and 

includes droplet heat-up and evaporation. 

Gas, or air-vapour mixmre, enthalpy, hmix, consists of enthalpies of dry air, hg and water 

vapour's, hy. It can be calculated as follows: 

hmix=hg-t-hv= Cpg Tg-(-(CpvTg-(-L)Xv (4.6) 

where Tg is the gas temperamre (K), L is the latent heat of vaporization of water, Cpg and 

Cpv are the specific heats for gas and vapour, respectively; Xv is the specific humidity (kg of 

water vapour/kg of dry air) of gas at temperature Tg (air-vapour mixmre). Since CpyTg « L 

in most engineering calculations, equation (4.6) is simplified to the following expression: 

hmix-CpgTg-HLxv (4-7) 

where properties, Cpg and L'*, are generally the functions of temperamre, Tg. 

Assuming constant average values of gas properties and unchanged total mass flow rate, 

mg, equation (4.4) can now be re-written as follows: 

mg(Cpg Tg,out + L Xv.out) -m (̂CpgTg,in - L Xyjn) = AQ (4.8) 

where Tg.out and Xy.out are unknown and can be defined dirough die AQ and a series of 

iterations as shown in the next section. 

In present work, Cpg and L are taken as constants, corresponding to a gas temperature of 25°C [97]. 
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4.2.3 Droplet heat absorption term, AQ 

In this work it is assumed, that the temperature change of traversing the control volume 

droplet, results from the following: a) convective heat transfer from hot gas-vapour mixmre 

to the droplet surface, govemed by the gas-droplet surface temperature difference; b) phase 

change due to evaporation (latent heat) govemed by the difference of vapour concentration 

on the evaporating droplet surface and in the bulk gas flow. There is no radiative coupling 

between droplets and gas, or droplets and walls, at least for the range of droplet sizes 

studied (Class 2 and 3 sprays), flow rates (1-2 kg/s) and gas temperamres (100-600°C). 

However, the radiative coohng of droplets can be accounted for by introducing the 

correction term [55] to the convective heat transfer coefficient. 

Droplet are assumed to be totally mixed and characterised by the uniform temperamre. 

Therefore, heating due conduction is neglected. The assumption of completely mixing 

isothermal droplets is reasonable for low thermal resistance or low values of the Biot 

number, Bi, which is the ratio [98] of droplet conduction thermal resistance to convective 

thermal resistance. Low Biot numbers refer to Bi < 1. For the range of the investigated 

sprinkler-gas parameters, Bi = hd/kd (d is the droplet diameter, h is the convective heat 

transfer coefficient and kd is conductivity of the droplet substance) was estimated to be less 

than 10"^ 

The total heat transferred from the gas to the droplets, AQ is equal: 

AQ= 5:iNdadh«Tg)-<Td» (4.9) 

where summation corresponds to the number of droplet size (di) groups, h is a heat transfer 

coefficient. (Tg ) and <Td) are the average (over the droplet path) gas and droplet surface 

temperatures (K), respectively; Nd is the number of droplets with diameter d in a control 

volume; ad is a surface area of a single droplet (Tcd̂ ) with diameter d. 

The heat rate used to evaporate the droplets is: 
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QL=SiNdmd^vL (4.10) 

where m^v is evaporation rate of the droplet with diameter d, or diffusion rate (kg/s). 

The rate of droplet surface evaporation is govemed by the difference of vapour 

concentration on the evaporating droplet surface (or saturation partial pressure) and in the 

bulk gas flow and can be found as follows: 

mrfev= adho «Psat> - <p=o)) (4.11) 

where psat is the samration vapour partial pressure at the droplet surface which is a function 

of droplet surface temperature, Psat(Td); p~ is the vapour partial pressure, or specific 

humidity, in a bulk gas flow, far away from the interface (p„(Tg)); ho is the mass transfer 

coefficient. 

Looking at Equations (4.9) and (4.11), where the product, Naad, denominates the total 

surface area, the importance of product tad' can be seen as follows. Based on Equations 

(4.2) and (4.3), Nd is proportional to Td /d ,̂ while ad is proportional to d̂ , therefore Ndad is 

proportional to Td/d or tdd^• Therefore, later on in this chapter, this parameter will be 

smdied instead of total spray surface area, in connection with spray effectiveness in gas 

cooling. 

Then the heat available for heating-up droplets from Td,in to Td.out can be obtained as the 

difference between AQ and QL: 

M/:pd(Td,ou. -Td,in) = AQ - QL (4.12) 

where Md is the total spray mass flow rate, Td relates to droplet temperamre. "in" and "out" 

correspond to the droplet temperatures at the inlet and the outiet to the gas-droplet system, 

or control volume, respectively. 
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Thus, combining Equations (4.9), (4.10) and (4.12), temperamre change of spray, ATj can 

be calculated as follows: 

ATd = Td,out -Td.i„= [Zi Nd a<,h «Tg) - (T,,))- Si N^ adhDL«psat> - <Po=»]/(HyCpd) (4.13) 

where <psat) and <p<„) are functions of <Td) and (Tg), respectively. 

The following expression has been used in the present smdy for the vapour pressure of 

steam over water surface, psat, up to 100°C: 

logps^t = 28.59051 - 8.2/o^Td -i- 0.0024804 Td -3142.3 l/Td (4.14) 

where Td is average droplet temperamre in K and psat is pressure in bars. Equation (4.15) 

developed from National Engineering Laboratory Steam Tables [99], apphes to water only. 

Vapour pressure in a bulk gas mixmre, poo can be calculated based on the ideal gas law at 

ambient temperature: 

Poo = XvRvTgPg (4.15) 

where Xy is the specific humidity of gas flow; Ry is a gas constant for water vapour; Tg and 

pg are the amibient gas temperature and density, respectively. 

Gardiner [41] used the assumption that due to the large entrainment rate of ambient air into 

the seat of the fire, the specific humidity of the fire gases is the same as that of the ambient 

(outdoor) air. This assumption has not been confirmed, but it is adopted in the present 

work in terms of an idealised adiabatic drier model [59]. 

Equations (4.8 to 4.15) are solved in order to predict gas and water temperamre change 

using a simple iterative scheme, as follows: 

> Find the outlet droplet temperature, Td.out, from Equation (4.13), assuming that <Tg) 

and (Td) at the right hand side of equation have their initial values instead of 

average. 
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> determine each droplet evaporation rate, m ^ , using Equation (4.11) 

> determine gas specific humidity, Xyout using Xy.out = Xyjn + Li N^mdev /mg 

> calculate Tg,out from Equation (4.8) 

> recalculate AQ"̂ "̂  and T"̂ '̂ d,out based on the difference between average gas and 

droplet temperatures, i.e. <Tg)-<Td) = (l/2)[(Tg,out + Tg,in) - (Td.out + Td,in)}. The psat is 

also based on average Td. 

> calculate new value Tg"̂ '̂ out based on new AQ"^* 

> repeat the process until Tg"̂ '*' converge, i.e. it will differ from Tg°''* by no more then 

1°C. 

4.2.4 Heat transfer coefficient 

The Ranz and Marshall correlation [22, 55, 83, 100] 

Nud = 2 -h 0.6Red° ̂ Pr(Sc)°^^ (4.16) 

has been used to predict convective heat transfer between sprays and open atmosphere. 

The heat transfer coefficient is therefore given as follows: 

ĥ  = Nudkd/d (4.17) 

where d and kd are the diameter and thermal conductivity of droplets, respectively. The 

Reynolds number, Rcd = VRd/v, in Equation (4.16) is based on droplet diameter, relative 

gas-droplet velocity, VR, gas phase viscosity, v. The mass transfer coefficient, ho, is 

determined using the Lewis law [55,15]: 

Le = hDCpg/h = 1 , (4.18) 

As it is suggested by Chen and Trezek [55,] h can be corrected (h=>h+hr) by radiative term ĥ . = ea(t*-
1 e)/Cr-Te), where Te is droplet equilibrium temperature, i.e the maximum temperature that a droplet can 
attain at a given gas temperature. 
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The reduction of heat transfer rate at high gas temperamres due to droplet evaporation, 

mentioned in [15] as 'transpiration blocking effect' can be corrected by die Spalding (or 

mass-transfer) number, BM, following Crowe etal. [59]: 

Nud = Nudo/(l+B) (4.19) 

where Nudo is determined from Equation (4.17), and experimental values for B at the range 

of ambient gas temperature from 100°C to 1000°C for water droplets can be found in [101]. 

B varies from 0.024 at 100°C to 0.43 at 1000°C. The detailed study and validations of 

mass and heat transfer numbers is presented in Section 4.4 in connection with rapidly 

evaporating mist spray droplets exposed to high gas temperatures. 

Another well-known correlation of McAdams [101] for Nud in the range of Reynolds 

numbers from 20 to 150000, was successfully used by Morgan [36] in his fire-sprinkler 

interaction study: 

Nud =0.37(Red)°^(Pr)°" (4.20) 

Equation (4.20) is used in the present study for small droplets with a diameter of 0.5 mm or 

less, when the Ranz-Marshall correlation, originally obtained [65] for droplets of 0.6 - 1.1 

mm, may produce an error. 

4.2.5 Local humidity assumption 

Droplet evaporation rate depends on the difference between the humidity or partial pressure 

in the vicinity of a droplet (at droplet surface) and the ambient air humidity. In this context, 

there are two wind conditions affecting on a choice of the values for "ambient" air humidity 

discussed in the literature [55]. The assumption of "critical wind condition" states that if the 

air flow rate is equal to, or greater than the evaporation rate, all the vapour produced will be 

removed so that the local air humidity (or partial pressure) can be taken as the ambient 

humidity. The confusion should be avoided in terminology. Under "local" conditions, the 

ambient gas conditions in immediate neighborhood of the droplets are understood in the 
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literature [41,55]. Under "ambient conditions in [41,.55], the ambient conditions of fresh, 

entraining air are supposed. 

The critical wind speed was experimentally determined in [55]. This vahdated die estimate 

values of 4.5-5.5 m/s for ambient humidity, while 2.5ni/s and less indicates die need to take 

the local average humidity. At the "low or zero wind conditions", the local humidity as 

then stated in [41] and [55], is not readily defined, and a suitable average value can be used. 

No explanation was given to what is "suitable". 

In the present study, "local" humidity (not to be confused with "local" in [55]) was 

determined based on droplet surface conditions using Equation (4.15) or (4.16), while 

ambient (those in spray in [55]) corresponded initially to those of free stieam gas with 

further changing due to droplet evaporation. 

The present heat transfer model describes only one part of the complex mechanism of fire 

extinguishment, namely, gas cooling. Prior to introducing this sub-model into 'overall' fire 

model, a sub-model calculates total heat losses in zone modelling or source terms in CFD 

simulations, and the sensitivity of the model to gas and spray characteristics in terms of 

heat absorption and evaporation rates, has been analysed. 

4.3 WATER SPRAYS 

4.3.1 Model validation 

Prior to predicting fire suppression by integrating the droplet sub-model into any fire 

model, some validation of the sub-model itself has to be done. The set of equations 

proposed both for droplet dynamics (Chapter 3) and heat and mass transfer (Section 4.2 of 

present chapter), which actually constitutes Crowe at el's PSI-Cell model [59] (see section 

4.2.1), has been used: first to confirm the results presented in [59]. Assuming a gas flow 

with uniform initial temperature and velocity, the same as in Crowe et al's work, but not 

modeling momentum exchange and gas internal turbulence, the problem was solved for 

Crowe et al's spray cooling towers. Hot water at 60°C is sprayed into a vertical rwo-
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dimensional duct of radius, R = (1.5-^2) m. The comparison is shown in Figure 4.3 [109]. 

Inthis figure there are two sets of three curves, the curves with symbols and plain hues, 

reflecting three droplets. The upper curve corresponds to the smallest droplet of 0.7 mm, 

and the lower to the largest droplet of 1.38 mm. The present results are shown by plain 

lines, and the results taken from [59] have symbols (small spheres). The temperamres along 

the droplet trajectories obtained in [59] are given in brackets next to the temperamres 

calculated in the present work. The relative discrepancy in terms of temperamres is about 

3%. The trajectories are quahtatively similar (larger droplets penetrate deeper in both 

cases), while quantitatively differ by about 10% along the vertical distance. 

x/R 

Figure 4.3. Trajectories (lines) and temperatures (shown near the lines in °C) of droplets with 
initial diameters of 0.74 mm, 1 mm and 1.38 mm. Comparison between Crowe et al's [59] (lines 
with sphere-symbols and temperatures in brackets) and present (solid lines) calculations. Initial 
droplet temperature is 60°C, and velocity is 2 m/s. Gas initial velocity is 2m/s, initial relative 
humidity is 30% arul temperature is 20°C. 

Such a discrepancy in trajectories can be assigned to the different methods of solution of 

droplet motion equation used in [59] and in the present work. Thus, while Crowe et al [59] 

solved equations analytically, the present approach is based on numerical solution. Another 

source of discrepancy may also be due to uncertainty of the initial angle of the droplets. In 
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[59] it is said that angle ranged between 25 and 35°, but it is not acmally clear which angle 

has been used for trajectories shown in Figure 4.3. 

4.3.2 Sensitivity Analysis 

The goveming equations for heat and mass transfer between moving droplets and gas flow 

are given in the previous sections. The objectives of this section are to analyse the results 

of modeling under different initial conditions and to understand the sensitivity of the model 

to the input parameters, before conclusions are drawn on sprinkler thermal performance. 

As summarized in [102] where the spray behaviour in gas flow is studied, the main 

properties of the dispersed liquid phase that affect droplet behavior and spray thermal 

performance are 

1) droplet size, 

2) droplet relative velocity, 

3) droplet location, 

4) number of droplets in a given control volume (or droplet number density). 

The 2D sketch of the physical situation in zone compartment with the spray activated 

beneath the ceiling and droplets traversing the hot layer, is given in Figure 4.4. 

Figure 4.4 reflects the computational approach in the following way: die whole 

compartment is divided into zones: hot layer and cold layer. The zone of interest is the hot 

layer which is sub-divided into finite number of horizontal sub-layers. The number of sub

layers is based on error analysis. If the results (gas temperature drop) do not change with an 

increase in the number of sub-layers, then this minimum number is sufficient. The sub

layers are not mixing and no heat or mass exchange between them is allowed [41]. 
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Figure 4.4. Schematic shows the water spray (thick dotted lines) activated in a moving hot layer. 
The hot layer divided into sub-layers shown by the faint dotted lines. 

The mass gas flow rate in each sub-layer is defined as the gas velocity multiphed by the 

cross-sectional area of the sub-layer. Inlet (initial) gas conditions are defined as conditions 

prior to spray activation, and outlet - just after gas passed a spray cone. The change in gas 

conditions is determined by the values of source/sink terms produced by the droplets in 

each sub-layer. The spray represented by a set number of droplets is characterised by the 

total number of droplets of each class, permanently available in each sub-layer. These 

numbers are used to calculate total heat absorption in each sub-layer and depend on droplet 

moving time across the sub-layer. For steady state, the main outcome of this two-phase 

modelling is heat and mass transfer rates and their spatial distributions, produced by spray 

constantly operating within the hot gas layer. 

In this study, gas flow is represented by three parameters: the gas temperamre, specific 

humidity, and velocity. Three cases of gas movement are discussed: Horizontally moving 

hot layer. Location 1; plume turning point where gas velocity vector has equal horizontal 

and upward vertical components. Location 2; and upward moving fire plume. Location 3. 

For the sensitivity analysis, the heat-and-mass transfer model was simplified to a one-

dimensional one-step model. The time step is the time interval over which a droplet 

interacts with gas flow. Depending on the control volume size, the time step can be either 

the total droplet residence time, or a reasonable fraction of it for convergence. The total 

droplet residence time is obtained from the solution of the two-dimensional motion 
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equations within a given control volume for each representative droplet in the spray. The 

droplet residence time is limited geometrically either by the hot layer depdi, or by the 

natural boundaries, such as ceiling or wall. Based on the droplet residence times, the 

number of droplets (Equations 4.2 and 4.3) and total spray interface can be calculated, and 

subsequently, the heat transfer equations can be solved. In the present calculations the gas 

mass flow rate through the sprinkler spray is taken as the product of gas velocity and spray 

radial cross-section, similar to the approach of Cooper [103]. 

4.3.2.1 Droplet residence times and spray surface area 

As discussed previously, the droplet residence time is the coupling parameter between 

droplet dynamics and heat transfer. A summary is given in Table 4.1 of the residence times 

of different droplets discharged at the three locations, as described in Chapter 3. Initial 

droplet velocity is 5m/s and initial angle 68° as in [41]. At Location 3, e.g. in an uprising 

gas flow, droplets of 0.5 mm diameter are nearly suspended in a 2ni/s updraft gas flow (see 

Figure 3.2c) when the drag and gravity forces on each droplet balance each other. In this 

case, droplets move very slowly, and the residence time goes to infinity when there is no 

connection between droplet evaporation and droplet motion. This phenomenon was 

mentioned by Gardiner [41] when the author referred to the ballistic calculations of Lapple 

and Shepherd [104]. For small droplets of 0.2 to 0.3mm diameter, the residence times and 

the product Tdd' (see discussion in section (4.2.3)) are much smaller when they are 

discharged in updraft gas flow. Location 3, in comparison with a horizontal gas flow. 

Location 1. If droplets move in a horizontal gas flow, the product Tdd' decreases as the 

diameter increases. If the droplets are discharged against gas flow. Location 3, then the 

value of Tdd' increases sharply as the droplet diameter decreases down to a critical value 

which depends on upward gas velocity. For uprising plume velocity of 2m/s, the critical 

diameter is about 0.5 mm, whereas for 1 m/s, it is about 0.3 mm. For diameters smaller 

than the critical value, the values of Xd are low and decrease faster than the diameter. Thus, 

under certain conditions, fine sprays can be less effective in comparison with large droplet 

sprays due to lower values of Tdd'. 
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Table 4.1. Residence times (s) for 0.8m distance (or until droplets hit the ceiling) for differeru 
droplet diameters, initial droplet velocity of5m/s, droplet initial angle of 68°. Gas velocity is 2m/s. 

d (mm) 

0.2 

0.3 

0.5 

0.7 

1 

1.5 

L O C I 

Td (sec) -Cdd'* 

0.77 

0.66 

0.41 

0.34 

0.3 

0.27 

(s m») 

3.85e3 

2.2e3 

0.82e3 

0.48e3 

0.3e3 

0.18e3 

LOG 2 

Xd (sec) 

0.27 

0.78 

1.21 

0.54 

0.37 

0.31 

Tdd-' 

(s m"') 

1.35e3 

2.6e3 

2.42e3 

0.77e3 

0.37e3 

0.2e3 

L O C 3 

td(sec) 

0.12 

0.31 

6.7 

0.82 

0.43 

0.33 

Tdd-' 

(s m-') 

0.6e3 

1.03e3 

13.8e3 

1.17e3 

0.43e3 

0.22e3 

In Table 4,2, a comparison between different sprays is given in terms of the number of 

droplets and total spray surface area. Each spray is represented by a different mean droplet 

diameter with the same total discharge rate. The residence times were obtained based on 

the droplet dynamics at Location 1 as an example. The values of initial gas temperature, 

99.5°C, and water mass flow rate, 1.84kg/s, correspond to the experimental values 

published by Gardiner [41, p.165]. A hot layer depth of 0.8m was used in the calculations. 

The results given in the first 5 rows in Table 4.2 are based on the assumption that the spray 

is represented by one droplet diameter cortesponding to the mean droplet diameter of the 

spray [53]. The effect of droplet diameter distribution, f(d), on the total surface area is 

shown in the last row. The distribution was taken to consist of 0.5 mm, 0.7 mm and 1 mm 

droplets of 25%, 50% and 25% mass fraction, respectively. This example droplet diameter 

distribution, at Location 1, does not change the total interface area substantially in 

comparison with the area of a mono-disperse spray represented by a single size 0.7nim 

droplets at the same location. A similar conclusion was reached in [105] regarding the 

reasonable insensitivity of CFD predictions to the type of droplet diameter distiibution, 

especially for coarse sprays. Thus, in the following calculations, a spray is represented by 

one mean droplet diameter. Such an approach is viable for Locations 1 and 2. At Location 

3, it may not be possible to determine one mean droplet diameter to represent the whole 

spray, if there is a substantial number of suspended droplets in the spray, since the 

residence times of such droplets tend to infinity. 
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Table 4.2. The total surface areas calculated as for water sprays represented by single-size droplets 
(firstfive rows) and by droplet distribution (the last row). 'The droplets' residence times are shown 
in the secorul column for each diameter. Water mass flow rate is 1.84kg/s, gas and droplet 
velocities are the same as in Table 4.1. 

Droplet diameter 

(mm) 

0.3 

0.5 

0.7 

1 

2 

25% (0.5) +50% (0.7) 

+25% (1.0) 

Residence times for 

0.8m (sec) 

0.66 

0.41 

0.33 

0.3 

0.27 

As above for 

corresponding diameters 

Total number of 

droplets, N 

85x10' 

1.1x10^ 

3.4x10* 

l.xlO* 

O.lxlO' 

As above for 

corresponding diameters 

Total surface area, m̂  

(NxFd) 

24 

9 

5.36 

3 

1.49 

Zf(d)(N X Fd)=5.68 

4.3.2.2 Droplet initial angles 

The sensitivity of the droplet residence times to the initial angles has been investigated in 

Chapter 3. and, the influence of the droplet initial angles on sprinkler thermal performance 

through the residence times is evaluated next. In Table 4.3, the rate of convective heat 

tfansferred to a water spray is given in terms of the different initial droplet angles. The 

results are listed for two different locations. In each case, the spray is represented by single 

size droplets of one initial angle (one trajectory spray) at the same total discharge rate. 

Within the same location, the spray heat absorption rate is sensitive to the discharge angle, 

since the residence times are sensitive to it. The sensitivity to discharge angle, in practice, 

means that the different shapes of spray cone (whether it is hollow or filled, narrow or 

broad, etc.) affect sprinkler thermal effectiveness, and therefore, it needs consideration in 

sprinkler design. 

The representation of a sprinkler by one trajectory should be based on a reasonable value of 

die initial angle. Looking at die results in Table 4.3, it is worth to note that a realistic spray 

widi droplet angles from 0 to 90°, can be substimted by "one-angle" spray as far as this 

spray produces an average between 0 and 90° heat absorption rate (Gardiner's 41] angle 

68° is close to such average value). 
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Yet, there is no uniform answer in the literature, on how real sprinklers have to be 

represented, as well as how the number of ti-ajectories affect the results. Some of die 

authors represent sprinklers by one initial angle (usually, either 45°, or 90°) and one 

diameter [32,49,106], others use from few [41] to few hundreds discrete trajectories 

[46,105] with discrete initial angles with either one droplet diameter or a diameter 

distribution. In all calculations, the total flow rate is uniformly distributed among the 

discrete initial angles. A literamre review on this issue was prepared by Kumar et al [95]. 

Table 4.3. Convective heat absorption rate, kW, of the sprays, represented by one diameter 
(0.7mm) and one initial angle taken to the vertical "The residerwe times are calculated for 
Locations 1 and 3. Water mass flow rate, gas velocity arul initial temperature are the same as in 
Tables 4.1 and 4.2. 

Initial droplet angle to vertical (°) 

0° 45° 68° 90° 
Convective 78 122 158 223 

heat absorbed Loc.3 

(kW) LOC.1 60 77 94 125 

Another validation of the one-size, one-angle spray representation in comparison with real 

droplet distribution is given in Table 4.4, where total spray surface areas are calculated both 

for Nam's [46] and a simplified sprays. The choice of representative initial angle plays an 

important role in obtaining the realistic values of the area. This angle determines the length 

of droplet trajectory and, consequently, droplet residence time and total number in given 

spray. The relationships between total spray area and droplet mean diameter given both in 

Tables 4.2 and 4.4 are in agreement with results presented in [107]. 

The results of heat and mass transfer calculations based on spray representation by different 

number of discrete trajectories are given in Table 4.5. The total mass flow rate and 

discharge angles from -90° to 90° were evenly distributed among these trajectories. The 

gas temperature and sprinkler discharge rate are the same as in Table 4.1. The results are 

considered for two locations. It follows from Table 4.5 that the sensitivity to the number of 
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trajectories is higher at Location 3, since at this location the residence times and trajectories 

are affected more by the initial droplet angles. 

Table 4.4. Calculated total spray interface area (m^) for many-droplet (250 trajectories) and one-
droplet (one trajectory) sprays. 

ESFR-A sprinkler ESFR-B sprinkler 

Sprinkler discharge rate 

1/s 

Droplet 
distribution 
250 
trajectories 
(Nam's 
distribution 
4.8 

11.7 

20.4 

41.31 

One volume 
median droplet 
diameter and 
one angle 
45° 85° 

3.3 

7.34 

11.3 

18.12 

4.85 

11.7 

19.11 

30.05 

Droplet 
distribution 
250 
trajectories 

5.32 

12.95 

23.78 

46. 

One volume 
median droplet 
diameter and 
one angle 
45° 80° 

4.02 

8.97 

14.5 

24. 

5.46 

13.45 

23.98 

44.7 

1.88 

3.15 

4.42 

6.23 

It can also be concluded that in both cases of locations, the division of 7-19 trajectories is 

sufficient. In fact, even one trajectory with an initial angle of 45° can be used to represent a 

spray at Location 1, if the total spray angle is 180°, as indicated in Table 4.5. Similarly, for 

Location 3, if the spray is represented by a single angle, 30° is appropriate. Using hundreds 

of trajectories is not necessary, especially in zone modelling where only thermal coupling 

can be accounted for and the adequate spray interface area plays the main role. 

Table 4.5. Comparison of the convective heat absorption rate (kW) between sprinklers represented 
by one diameter (0.7mm) and by different numbers of trajectories in the range -90-0-90°. Water 
mass flow rate, gas velocity and initial temperature are the same as in Tables 4.1 and 4.2. 

Number of trajectories 

Convective 

heat 

absorption 

rate (kW) 

Location 1 

(Ug=2ni/s) 

Location 3 

(Ug=2m/s) 

68 

102 

lat30° lat45° 7 12 19 25 30 

76 80 77.6 76.6 76 76 

122 111 98 94 93.6 93.6 
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4.3.2.3 Mean droplet diameter 

In this smdy, a spray is represented by one volumetiic mean droplet diameter and one 

trajectory to assess sprinkler thermal performance. In Table 4.6, the convective cooling 

rates for sprays represented by different droplet diameters are given in terms of three 

relative fire-sprinkler locations. At Locations 2 and 3, the finer sprays produce higher heat 

absorption rates only with a critical droplet size, as discussed previously in connection with 

Table 4.1. In addition, if droplets are heavy enough to move down in updraft gas velocity, 

Location 3, then sprinklers have higher effectiveness in comparison with droplets in 

horizontal gas flow. Location 1. Due to lack of experimental data on heat absorbed by 

water droplets, direct comparison is not available with experiments. An experimental value 

[41] is given in the last column of Table 4.6. Although the exact relative sprinkler location 

is not known for this entry, the quoted convective heat transfer rate has the same order of 

magnitude as some of the calculated values, keeping the same initial gas temperature of 

99.5°C. 

Table 4.6. Convective heat absorption rate, kW, of the sprays, characterized by one diameter and 
one angle of 68°. Water mass flow rate, gas velocity and initial temperature are the same as in 
Tables 4.1 arul 4.2. 

LOC\diameter 

LOCI 

LOC2 

LOC3 

0.3mm 

241 

176 

86 

0.5mm 

162 

290 

500 

0.7mm 

92 

122 

155 

1mm 

54 

67 

71 

1.5mm 

31 

35 

36 

2mm 

22.7 

24 

25 

Exper. 

1411 

157 

4.3.2.4 Initial gas temperature 

The effect of initial gas temperature on the droplet evaporation and heat absorption 

rates are shown in Figure4.5a and b. In these figures, the droplet diameters vary from 0.3 

mm to 1.5 mm, while the initial gas temperature varies from 70°C to 150°C. In 

Figure4.5(a), the fraction of evaporation rate varies from 0.2% to 5% of the total water 

mass flow rate, and it is sensitive to the droplet size for the relatively small droplets of 0.5 

mm or less. For larger droplets, the results become insensitive to droplet size. In 

Figure4.5(b), the convective heat absorption rate is plotted for the same parameters. The 
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weak dependence of the heat absorbed on the spray mean droplet diameter is observed for 

droplets larger than 0.5 mm. Figure4.5(b) can be taken as an illusti-ation of die results 

presented in Table 4.1 and Table 4.2 for Location 1. 
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Figure 4.5. Ratio of the evaporation rate to total rrmss fiow rate of the spray (a) and spray heat 
absorption rates (b) for different mean droplet diameters for five initial gas temperatures. Initial 
gas temperatures are given on the curves. Location 1 is chosen due to its common use. The initial 
droplet discharge angle is 45°. 

4.3.3 Results and Discussions 

4.3.3.1 Prediction of optimal droplet parameters 

The spray characteristic that is usually varied in practice to achieve sprinkler performance 

objectives, is the water discharge rate. To illustrate the effect of this parameter, the results 

of heat transfer calculations for different discharge rates at the Location 3 are shown in 

Figure 4.6 and Figure 4.7. The discharge rate values are the same as Gardiner's [41]. 

Location 3 (updraft gas velocity) is chosen as the most critical, where small droplets can be 

blown away and contribute little to heat ti-ansfer. In Figure 4.6, the discrete calculated 

points are joined by straight lines, showing a peak value of cooling rate for droplets of 
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0.5-mm to 0.6-mm diameter. As indicated in [41], sprinkler effectiveness can be 

substantially increased by decreasing the droplet diameter to some optimal value. A similar 

conclusion can be found in [42] based on experiments of fire extinguishment with fine 

droplet sprays. In Figure 4.6, peak values of heat absorption rate correspond to an updraft 

gas velocity of 2 m/s where 0.5mm droplets are 'suspended'. If the gas velocity increases 

or decreases, the peak will shift to the right or to the left, towards larger or smaller droplet 

diameters, respectively. The gas-cooling rate by large droplets is relatively low and 

insensitive to the droplet diameter and discharge rate. Therefore, large-droplet sprinklers 

are not effective in gas coohng, but they can be used for fuel wetting and coohng. In the 

range of 0.5 to 0.7mm droplet diameters, the gas coohng rate is much more sensitive to 

droplet diameter than to sprinkler discharge rate. In this range, effective cooling can be 

achieved by choosing the appropriate droplet diameter with a minimal flow rate of water. 

This result clearly shows the existence of an optimal combination of mean droplet diameter 

and water flow rate. 

800 

S eoo 
(0 

DC 
c o 

0) 
X 
$ aD -

— 1 — 1 — 1 — 1 ' 1 ' 1 ' 

1 

b\ 

/Ml 

r Wl 

/ \\K 

. 1 . 1 . 1 . 1 . 1 

I J I — , - 1 1 1 , . , . 

Location 3 
Gw(kg/s): 

1 -1.84 
2-1.48 
3 -1.23 
4-0.9 

-

. "i • 1 ^ I . I . I — . — . 

QO 02 

Rgure 3. 

Q4 Q6 08 1.0 ^2 1.4 1.6 ^£ 

Mean Droplet Diameter (mm) 

20 22 

Figure 4.6. Effect of spray diameter and discharge flow rate on convective heat absorption rate. 
The uniform vertical gas velocity is 2m/s. The sprinkler discharge rates are listed as numbered. 
Location 3 is chosen as the most critical. 
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The results given in Figure 4.6 of effective heat absorption rate as a function of droplet 

diameter for fixed discharge rates are plotted in Figure 4.7 to show discharge rate as a 

function of droplet diameter for fixed effective heat absorption rates. Two rates of lOOkW 

and 300kW are considered. The minimum discharge rates of the curves in Figure 4.7, 

correspond to the same optimum droplet sizes as those given for the maximum cooling 

rates in Figure 4.6. The smaller the diameter, the lower is the required flow rate to provide 

the same heat transfer. However, in updraft gas flow, if the diameters are too small and 

residence times too short, more water is needed to absorb the same amount of heat. 
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Figure 4.7. Variation of the sprinkler discharge rate with the spray mean droplet diameter for 
two convective heat transfer rates: lOOkW (curve 1) and 300kW (curve 2). The environmental 
conditions and spray characteristics are the same as in Figure 4.6. 

The type of relationship plotted in Figure 4.7 is a conventional way of describing sprinkler 

performance for thermal effectiveness. Most of the works in fire-sprinkler interaction try to 

predict or measure the minimal discharge rate needed for extinguishment [25, 44, 105] and 

qualitatively look like the right half of the two curves given in Figure 4.7 (see, for example, 
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experimental data given in Figure 3 of [44], or data given in [42]). It is difficult to provide 

the quantitative comparison with this type of data, since the clear criteria of extinguishment 

are not usually given. The figures based on calculations with a clear minimum and two 

branches similar to those plotted in Figure 4.7 were first published by Pietrzak et al. [44]. 

One of the figures taken from their later publication [55] is reproduced in Figure 4.8 for 

comparison. In this figure, the successful combinations are given of water delivered density 

and mean droplet diameter in controlling fire. Three cases of fuel exposure to water spray 

are discussed there: 0% - means no fuel is exposed to water; 50% - means that half of the 

fuel surface is covered by water and 100% - corresponds to full fuel coverage. The curve 

for 0% fuel exposure involves gas cooling, only, and it has a clear minimum in water flow 

rate corresponding to an optimal droplet diameter. Of the three curves given in Figure 4.8, 

only this one can be compared with the present gas cooling results. Although the 0% curve 

in Figure 4.8 is similar to the present results quahtatively, a quantitative comparison cannot 

be made due to lack of gas and sprinkler input parameters of [55] leading to this curve. The 

curve for 50% exposure in Figure 4.8, also has a minimum, but the optimal diameter is not 

as obvious. The 100% fuel exposure curve has no minimum, and it is insensitive to droplet 

diameters of 0.4mm and larger. Hence, the larger the diameter, the more likely it is for the 

spray or fraction of the spray to reach and cover the fuel, providing suppression regardless 

of the droplet diameter. These conclusions do not contradict the present results, but only 

highlight that fuel removal and surface cooling mechanisms should also be studied. The 

unique results given by Pietrzak et al [44, 48] do not contain the details of calculations or 

quantitative comparison with other experimental results, but only a general discussion is 

provided. Since fire was represented in their work [48] by uniform updraft gas velocity, the 

nozzle pressure and droplet velocity must be important. 

Based on the present results, it can be further considered that if sprinkler activation is 

delayed, extinguishment may not be possible due to increased gas velocity [25]. Gas 

velocity is expected to increase with the heat release rate, HRR, of the fire before sprinkler 

activation, proportional to H R R ' ^ . Late activation has the effect of shifting the rate of heat 

absorption curves to the right in Figure 4.6 due to the higher gas velocity, hence increasing 

the necessary optimal droplet diameter for extinguishment. If the spray does not include 

83 



this particular size, droplets might be blown away by gas flow, unable to reach the fire base 

to provide effective cooling. 
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Figure 4.8. Successful combinations in controlling flre of mean droplet diameter and water 
delivered density (Replication of Figure 3 of Pietrzak et aL[48]). 0% exposure curve corresporuis to 
the present results given in Figure 4.7. 

4.3.3.2 Stability of Hot Layer after Sprinkler Activation 

From a momentum conservation point of view, a group of decelerating droplets can have a 

significant effect on gas flow causing it to accelerate if their momentum reduction is 

significant [59]. Even if the droplets' momentum does not change, they still affect gas fiow 

due to the steady non-zero drag force [82, 108] caused by the non-zero relative velocity. 

The criterion of layer stability suggested by Bullen [106] and used elsewhere is based on 

the overall Drag-to-Buoyancy Ratio, D/B. D corresponds to the vertical component of the 

total drag force (see Equation 3.4) experienced by moving droplets. The buoyant force B 

can be calculated as follows [41]: 

B = (p . -p )gVol (4.21) 

where p<„ and p are the densities of ambient air (at T^) and room gas (at Tg), respectively; g 

is the gravitational constant; Vol is the gas volume embraced by the spray envelope. 
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La^r number from ceiling (0.25m each layer depth) 

Figure 4.9. 'The Drag-to-Buoyancy ratio distribution across the hot gas layer. Initial gas 
temperature is 99.5°C. Water mass flow rate is 1.84kgs''. Three droplet diameters are considered, 
as iruiicated. Location 1 is where hot layer lowering can be observed. 

In the present study, by dividing the horizontally moving hot layer into five sub-layers (see 

explanations to Figure 4.4), the Drag-to-Buoyancy Ratio distribution across the layer was 

calculated for each sub-layer. The control volume was taken as the volume of a cylinder 

with height equal to the sub-layer depth, and diameter of the spray cone at the given height. 

The time interval corresponded to the droplet residence time in each sub-layer. The heat 

transfer model was applied consequently to calculate heat absorption and gas temperamre 

reduction in each sub-layer. The D/B ratio distributions across the hot gas layer for three 

one-size droplet sprays are plotted in Figure 4.9. The droplet diameters of 0.5, 0.7 and 

1.5mm were investigated. The trend of the curves is similar for different diameters: the 

closer the distance to the sprinkler head, the higher is the D/B ratio. A similar pattem was 

mentioned by Cheung [100] in his CFD study of fire-sprinkler interaction. For the same 

water flow rate, the D/B ratio is much higher for the small droplets, especially at the 

beginning, in comparison with large droplets. The reason is that the smaller the diameter, 

the greater the droplet number accumulated within a given gas volume, and consequently. 
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the drag force is larger. The D/B ratio for all sprays is much higher than unity at die two 

sub-layers closer to the sprinkler head. Further away, D/B falls below unity. These results 

confirm the suggestion of Cheung [100] that the usual calculation of die D/B ratio for die 

entire hot layer is not appropriate to characterize the layer stability. The stability of the hot 

layer can be disturbed down to a certain distance below the sprinkler head [103], initiating 

the downward movement. This distance depends on droplet diameter and gas temperamre, 

and it is a result of the balance between two forces - droplet drag force and gas buoyancy 

confined in the spray cone. 

As it was shown earlier [109], the stabihty of hot layer may be also distiarbed by die 

"negative" buoyancy phenomenon, which is caused by non-uniform gas cooling within a 

hot layer by sprinkler spray. Interacting with cold water at the sprinkler head, the hot gas is 

cooled more at the top than at the bottom of the hot layer, providing buoyant gas flow in the 

downward direction due to the temperamre difference. This additional downward flow 

contributes to gas lowering if the initial gas temperature distribution is almost uniform. To 

illustrate "negative" buoyancy, the uniform initial hot-layer temperature distribution was 

used for the present 2D calculations. The resulting gas temperature profile after sprinkler 

activation indicates the presence of "negative" buoyancy, i.e. the temperature gradient 

across the hot layer. In Figure 4.10, the present results are also compared with the 

numerical results from [41] to validate the present droplet sub-model. Labeled lines in 

Figure 4.10 correspond to the Gardiner's [41] input (gas temperature distribution across the 

layer before spray activation) and output (temperature across the layer - after spray 

activation) results. Given that gas input (initial) temperature in present calculations was 

taken similar to the Gardiner's input (i.e. labeled "before" in Figure 4.10), the output results 

correspond to unlabeled curve in the series "after". 

The following estimation can be made in terms of contribution of the "negative" buoyancy 

in total gas buoyant term, B. The temperature difference across the hot layer is, ATir = (Tup-

Tiow),where Tup and Tiow are the temperatures of the upper and lower sublayers respectively. 

Buoyancy can be defined as being proportional to the temperature difference between the 

maximum hot layer temperature and ambient temperature; B ~ ATmax = (Tmax- Tamb)-
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Figure 4.10. Temperature distribution across hot gas layer of 1.5m depth before arul after 
sprinkler activation. The comparison is given with computational results of Gardiner [41]. 
Sprinkler is represented by 1.48 kg/s discharge rate, 0.7mm droplets with 45° initial angle, initial 
gas temperature of225°C. 

A new buoyancy term, B ' , caused by non-uniform layer cooling, can be defined as B'~ATir. 

This new buoyancy appears as an addition to the average buoyancy term. The sign of the 

ATir is negative in Figure 4.10, indicating negative buoyancy. The term B' , taken with its 

sign can be used to express the overall drag to buoyancy ratio, as D/(B-(-B') or 

D/((ATniaxr+ATir) /Tmax ) pgVol), whcrc pgVol is Weight of air contained within the 

sprinkler spray. The additional term, B' , if negative, increases the D/B ratio only in the 

upper sub-layer, closer to sprinkler head 

As a more realistic case, the effect of a non-uniform hot layer temperature profile before the 

sprinkler interaction was investigated based on the results of a full-scale real fumimre 

sprinkler test. The full-scale tests were carried out by the Centre for Environmental Safety 

and Risk Engineering (CESARE) of Victoria University of Technology [110]. The bum 

room was 3.6m x 5.4m x2.4 m, and the fuel load was 30 kg/m^ of wood crib equivalent. 
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Two sprinkler heads were placed 0.5m on either side of a thermocouple rack at 85 mm 

below the ceiling. Both sprinklers were discharged: the first at 270 seconds, and the second 

sprinkler at 381 seconds after ignition. 

In Figure 4.11, the temperature histories are given along the thermocouple tree placed at the 

north edge (remote from fire) of the centerline north-south thermocouple rack. One 

sprinkler head was placed at the south edge of the centerline of bum room (0.5 m from the 

edge of thermocouple rack) just above the burning object, another sprinkler was placed at 

the north edge of the centerline; both sprinkler heads were located at 85 mm below the 

ceihng. Both sprinklers were charged: the first at 270 seconds; the second sprinkler at the 

381 seconds. The temperature profile across the hot layer, for peak temperamres along 

thermocouple tree just before and after first sprinkler activation are chosen for comparison 

with the prediction. 

In Figure 4.12, the dashed line is the experimentally measured temperamre across the hot 

layer before sprinkler activation, the experimental hot layer temperature profile after the 

first sprinkler activation is distinguished by the square symbols. In this figure, three sets of 

calculated hot layer temperature profiles are also given, each corresponding to a different 

water to gas mass flow rate ratio. The spray is represented by one mean droplet diameter of 

0.7mm. In the experiment, the first sprinkler discharge was about 0.8 kg/s (3/8" BSP at 70 

kPa) and air ventilation rate was of about 1300 1/s. From a comparison of the experimental 

and calculated temperatures after activation, a mass flow rate ratio of 0.5 appears to be 

reasonable. 
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Figure 4.11. Temperature histories within the hot layer of a bum room taken at the distances 0.25, 
0.75, 1.25 and 1.4 m below the ceiling. First sprinkler activation time is 270 sec; the second 
sprinkler was activated at 381 sec. 
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Figure 4.12. Experimental arul predicted temperature profiles before and after sprinkler interaction 
for different water to gas mass flow rate ratios: GJG^ = 0.25, 0.35 and 0.5. 
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4.3.4 CONCLUSIONS - SPRINKLER SPRAYS AND SENSITIVITY ANALYSIS 

The quantitative sensitivity analysis has shown the importance and effect of different input 

parameters on the resulting sprinkler thermal performance. The conclusions of this part of 

the study can be summarized as follows: 

1. The ratio of droplet residence time to droplet diameter, Xj/d, defines spray cooling 

effectiveness for a given volume flow rate. This goveming parameter also hnks droplet 

dynamics and heat transfer. 

2. The classification given in Chapter 3 for the relative nozzle and fire source locations is 

appropriate for prediction of gas cooling. Hence, thermal performance of sprinkler in 

fire suppression will also depend on relative fire-sprinkler location. 

3. An optimal droplet diameter, which provides the maximum heat absorption for the 

same water mass flow rate, exists in gas cooling. This optimal diameter is based on the 

longest residence time that can be attained by the droplet in a given gas flow. The 

optimal droplet diameter is location dependent. The state of fire development at the 

moment of sprinkler activation, particularly in terms of the magnitude of maximum 

plume velocity, dictates the necessary optimal droplet diameter. This diameter has to 

be large enough not to be immediately dismissed by gas fiow and small enough to 

produce the most effective cooling. 

4. For the wide range of water sprays (from coarse to fine) activated at gas temperatures 

below 200°C, the evaporation rate does not exceed more than few percent of the total 

spray mass flow rate. The heat absorption and evaporation rates are rather insensitive to 

droplet diameters in the range of 0.6 to 1.2 mm, while for smaller droplets the 

sensitivity increases sharply (see Figure 4.4). 

5. The effect of initial discharge angle on gas cooling effectiveness has been found to be 

significant. In fact, depending on the choice of the initial discharge angle, a spray can 

be represented by an equivalent mean droplet diameter having the same interface area 

as the real spray. 

6. The stability of the hot layer after sprinkler activation calculated in terms of drag-to-

buoyancy ratio distribution was found to be mostly affected (D/B » 1) in the vicinity 
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of spray head. It was also more destabilised under the effect of smaller droplets in 

comparison with larger ones. 

7. The presence of negative buoyancy within the hot layer due to essential gas cooling at 

the top, near the spray nozzle, depends on the initial temperature distribution across hot 

layer. In some cases it can be balanced by the non-uniform gas temperamre profile with 

higher temperatures in upper area. 

4.4 IMisT SPRAYS 

4.4.1 Background 

Upon activation, cold droplets are released within a high temperature (above 400°C) gas 

environment. This sudden immersion changes the relative contribution of droplet different 

mechanisms of heat absorption into the total heat absorption rate as droplets progress in the 

gas layer, and their temperature rises. According to the droplet evaporation theory 

presented in [111], at normal droplet injection temperatures, the concentration of steam 

around droplets is low providing relatively low mass transfer (evaporation) rate. At this 

stage, almost all of the heat supplied to the droplets is used to rise the droplet temperature. 

This period is called the "heat-up" period [111] and its duration depends on surrounding 

gas temperature, droplet diameter, relative velocity and thermal properties [111]. After the 

"heat-up" period has finished, each droplet reaches its steady "wet-bulb" temperamre 

corresponding to the ambient conditions. Starting from this moment, the heat absorption 

continues only due to droplet evaporation (if radiation exchange is neglected). Depending 

on the comparative length of the heating-up period and droplet residence time (or distance 

ti-aversed), this steady temperature may or may not be attained. As droplets attain their 

equilibrium temperatures, all heat that is supplied to droplets is utilized to provide droplet 

evaporation [111]. This second period in droplet life time is characterised by intensive mass 

loss and reduction in droplet diameter. 

Mathematically, the achievement of steady "wet-bulb" temperamre by droplets can be 

expressed in terms of values of mass ti-ansfer (or Spalding) and heat ti-ansfer numbers. 

According to [111], mass transfer number, BM, can be defined as follows: 

B „ = - ^ ^ (4.22) 
I - X , 
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where Xs is the water vapour mass fraction at the droplet surface corresponding to the 

saturation state at the surface temperature and ambient pressure. Pa. Xs can be expressed as 

follows: 

X. = 
P,M 

PSM^AP^-PS)M. ^^-^^^ 

where Ps is the vapor pressure at droplet-air surface (see Equation (4.12)), Mw and Ma are 

the molecular weights of droplet (water) and air respectively. 

The heat transfer number, Bj, denotes the ratio of available enthalpy in the surrounding gas 

to the heat required for droplet evaporation. The following expression is recommended 

[111] for BT: 

_ c,(r̂  -rj 
^ ~ L (4.24) 

where L is the latent heat of vaporization corresponding to the droplet surface temperamre, 

Ts. Tg is the temperamre of surrounding gas far away from the droplet surface. As soon as 

these two numbers become equal, the droplet reaches the steady-state condition and wet-

bulb temperamre. 

4.4.2 Results and discussion 

4.4.2.1 Single droplets 

The development of heat and mass transfer numbers. By and BM, respectively, during 

droplet movement through the Im hot gas layer at different gas surrounding temperamres 

are plotted in Figure 4.13. The relative values of these two numbers reflect the relative 

contribution into gas cooling of two mechanisms: droplet heating (BT) and evaporation 

(BM). 

The sprays are represented by 0.3mm, 0.5 mm and 1 mm droplets that correspond to a, b 

and c, respectively. The different series of curves in these figures correspond to different 

surrounding gas temperatures (Tg), namely, 100, 200 and 400°C. The intersection of the BT 

and BM lines indicates steady temperature, given as Ts in Equation (4.15). Thus, in Figure 
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13a, at Tg = 400°C, Bj = BM = 0.17 and Ts = 60°C, while at 100°C, BT = BM - 0.04 and 

Ts = 30°C. This graphical method of determining equilibrium droplet temperature can not 

be considered accurate, especially if the BT and BM lines intersect each other at a nanrow 

angle [111]. 

Omitting the basic heat and mass balance equations and intermediate expressions for an 

ideal gas, Lewis law given in the previous section and apphed to any size of droplets and 

ambient conditions, only the expression for mass evaporation rate at steady state 

(equilibrium) conditions can be given below [111]: 

mev = 27cD(k/Cp)mixln(l-f-B) (4.25) 

where k and Cp are the thermal conductivity and specific heat of vapour-gas mixmre, 

respectively, and B can be either BT or BM at equilibrium. 

An illustration of the sensitivity of "heat-up" period to the initial droplet diameter is given 

in Figure 4.14. In this figure, the temperature histories of two droplets (of 0.3 and 0.5mm 

initial diameters), along their vertical coordinate are shown. The droplets are injected with 

the same initial velocity (Vx = 0.7m/s and Vy= 0.7m/s) and temperamre (15C°) into steady 

Im deep hot gas layer of 600°C. The droplet temperamres, until they reach their steady 

values, are calculated based on the approach presented in Sections 4.1 to 4.3. A steady state 

is reached by 0.3 mm droplets at the short distance from the injection point (about 0.3m, or 

in 0.2s in terms of time), while 0.5mm droplets are only close to equilibrium at the very end 

of their traveling distance (about 0.6s in terms of time). The equilibrium or "wet-bulb" 

temperature for both droplets is the same (about 67°C) and depends only on ambient 

conditions. In all calculations, the ambient pressure is taken as atmospheric (101 kPa). 
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Figure 4.13. Variation of transfer numbers, BT (upper curves) and BM (lower curves) with droplet 
temperature rise at different surrounding gas temperatures. Droplet diameters correspond: a) 
0.3mm; b) 0.5 mm; c) I mm. Corresponding gas initial temperatures are shown at the legend. 
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(a) (b) 

Figure 4.14. a) 0.3 arul 0.5mm droplets temperature change along vertical axis. Gas 
temperature is 600°C and initial diameters are iruiicated near the corresporuling curves. Initial 
droplet temperature is 15°C. Initial droplet velocity is Im/s and discharge angle 45°. b) 
Development of B numbers at Tg= 600°C for 0.3 and 0.5 mm droplets along the droplet 
trajectory. 

To better illustrate the connection between droplet trajectories, residence times and gas 

temperatures, vertical droplet coordinate histories, Y(t), obtained numerically (Chapter 3) 

for evaporating droplets are plotted in Figure 4.15a and b. Initial droplet diameters are 

taken as 0.3 and 0.5mm, velocities are the same as at Figure 4.12 and droplets are injected 

under different gas surrounding temperatures. The change in the behavior of function Y(t) 

with gas temperature is due to different rates of droplet evaporation and, consequently, 

reduction in droplet diameter. It is assumed in this study that the droplets reduced to 10 |j.m 

size are evaporated completely. It can be seen that smaller droplets (0.3mm) evaporate 

totally at high (800°C) temperature before they ti-averse the whole distance of Im. The 

higher the gas temperature, the shorter is this "evaporation" distance (Y). The trajectories 

of larger droplets (0.5 mm) are not affected by the change in gas temperature since these 

droplets do not reach the intensive evaporation regime along their travelling distance. 
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Figure 4.15. Vertical droplet coordinates versus time in steady gas environment. Droplet initial 
diameters are: a) 0.3mm and b) 0.5mm. Surrounding gas temperatures are: I-200°C; 2-600°C; 
3- 800°C. Droplet initial angles and velocities are similar to those in Figure 4.14. 

An illustration of the effect of droplet initial diameter on its behavior in hot gas 

environment is shown in Figure 4.16. Two droplets of 0.3 and 0.5 mm are exposed to the 

same gas temperature of 600°C. The difference in the rate of diameter change is as 

expected. While smaller droplets (0.3mm) lost about 75% of their initial diameter (the size 

has been reduced to about 70)1) larger ones (0.5mm) are nearly unchanged. For the cases 

shown in Figure 4.16, the 0.3nim droplet trajectories (or residence time) across Im hot gas 

layer have not been long enough to allow droplets to fully evaporate. The diameter change 

is plotted in two ways: along the droplet traveling distance (a) and along with the residence 

time (b). The Figures 4.15 and Figure 4.16 help to complete the physical picmre of droplet 

behavior at high temperature. 

In Figure 4.17, the effect of gas temperature on duration of "heat-up" period and 

achievement of equilibrium for 0.5mm droplet moving along vertical distance is shown. 

The "heat-up" period is significantiy shortened and the droplet achieves equilibrium or 

"wet-bulb" temperature as gas temperature rises faster. 

It can be noticed that at very high temperature, the "wet-bulb" droplet temperature is close 

to its boiling temperature [111] at the corresponding ambient pressure. 
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Figure 4.16. Droplets' diameter reduction as they move at surrounding gas temperature of 600°C: 
a) along their trajectories; b) over residence time. Curve I corresponds to 0.5 mm of droplet initial 
diameter and Curve 2 to 0.3 mm. 

In addition to understanding the difference in droplet relative contribution of heating and 

evaporation to heat absorption, the following simple calculations can be shown. 

Assuming that 1kg of water is heated by 50° it will consume 210 J (Qheat) amount of heat, 

while to evaporate the same amount will need 2500 J (Qev ) of heat consumption: 

niwrter (kg) 

1 

AT 

50 

Qhe«=mCpAT (kJ) 

210 

Qev=mL (kJ) 

2500 
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Figure 4.17. Unsteady 0.5mm droplet heating at different gas temperatures (600°C - 1200°C), as 
the droplet moved downwards across the hot layer of Im depth. Initial conditions are the same as in 
Figure 4.14. 

However, it should be understood that depending on droplet dynamics and heat transfer 

rate, only part of this whole amount of water may be evaporated during droplet residence 

time in the hot layer. For this reason, even though the evaporation is a much more powerful 

mechanism of heat absorption, it still can produce a small contribution as illustrated in 

Section 4.1. 

4.4.2.2 Sprays 

As the mass of droplets reduce as a result of water evaporating from their surface, their 

diameters diminish. If the droplet diameter reduction is plotted in the traditional way [4], 

namely, the square of droplet diameter (d^) against time (t), then one of the most important 

quantitative characteristics of droplet evaporation, namely, the evaporation constant, can be 

determined. 
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As an example, in Figure 4.18, the d^(t) behavior is given for 0.3 mm droplets together with 

their temperature change at 600°C gas temperamre. The curves consist of two parts. The 

slope at the first part is quite small (low evaporation rate). This initial stage corresponds to 

"heat-up" period. The slope at the second part is much steeper, and reflects the steady 

evaporation state. According to the "d^ law", the square of droplet diameter, d^ diminishes 

linearly with time following the expression: 

dô  - d̂  = ^t (4.26) 

where do is the droplet initial diameter, t is the time interval, X is generally known as 

evaporation constant [111], and it represents the slope of the sti-aight line in the d^(t) curves. 

The location of transition point between the two parts in Figure 4.18 denotes the 

establishment of steady or equilibrium state. The higher the surrounding temperature, the 

earlier is the transition, and the steeper is the slope, in addition, more intensive is 

evaporation. Actually, the value of X consists of two components, Xhu and ^,, 

corresponding to the "heat-up" period slope (usually negligibly small) and steady 

evaporation part, respectively. The corresponding time interval (At) also consists of two 

distinct parts: the "heat-up" period (Athu) and the time of droplet steady evaporation (At̂ ,) 

to its completely disappearing. The expressions for the two parts of A, are the following: 

A-hu = (do'-diVAthu (a) and >̂ , = (d,')/Ats, (b) (4.27) 

where di is the new value of the diameter after the heat-up period. 

Based on Equation (4.27), droplet lifetime (tufe), an important characteristic, can be derived 

as follows [111]: 

tlife = (Athu ) + (Atst) = Athu(l- Xh^fkst) + (do^ )/ Xst 

«Athu + (do')/Xst - (4.28) 
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Since evaporation during the "heat-up" period is usually low, the ratio X^u/̂ t is close to 

zero, and it can be neglected. 

For the steady evaporation period, and ti-ansforming Equation (4.27b) into a single spherical 

droplet mass loss rate, the following is obtained: 

mev = (n/4)pM (4.29) 

where pd is the droplet density corresponding to its temperamre. The total heat used by 

droplets (or spray) to vaporise the water is: 

<2ev= NdmevL (4.30) 

where Nd is a number of droplets of diameter d in a given volume as defined by Equation 

(4.3)). 

Combining Equations (4.25) and (4.28), the following expression can be drawn for X: 

X=8k™xln(l-HB)/Cp™xPd (4.31) 

Using Figure 4.18 as an example to estimate the life-time of 0.3mm droplet injected in air 

of 600°C and atmospheric pressure, the following results are obtained. 
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Figure 4.18. Change in temperature (2) and in square of diameter (I) of 0.3mm droplet during 
heating and evaporation at 600°C. Droplet initial angle is 15°, velocity Im/s. 
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Although the transition point between droplet heat-up and evaporation periods is not clearly 

defined with this type of graphs, it is estimated that Athu = 0.1s. Consequentiy, the average 

value of X is about 0.08x10"^ mVs for the 0.3mm droplets immersed into 600°C hot gas 

environment. Using Equation (4.28), the droplet lifetime is estimated as 1.23s. 

The heat absorption curves for the sprays represented by droplets of different diameters are 

plotted in Figure 4.19. For this graph, the sum heat absorption rate (kW) of the spray are 

varied against surtounding gas temperature. Different sprays are represented by uniform 

droplet diameter distributions and similar water flow rates (80 1/min). The Im hot layer is 

divided into 50 sub-layers (this number has been pre-determined as suitable grid refinement 

for any gas temperature). It should be noted that the higher is the gas temperamre and the 

smaller the diameter, the finer division should be done, especially near the nozzle, since 

the temperamre of the droplets changes dramatically at the beginning. The initial angle is 

varied from 0 to 90° with 3.6° increment (25 sub-angles). Droplet velocity is Im/s. 

The heat absorption curves plotted in Figure 4.19 show the existence of linear 

proportionality between heat absorption and surrounding gas temperamre (or temperamre 

difference between droplet and gas). However, this proportionality is valid only up-to 

certain level of heat absorption or evaporation. As far as droplets attain the level of heat 

absorption of about 2000 kW for given water flow rate, they perform this rate steady, 

independenUy on gas temperature (plateau at the curve 3). Thus, there is a certain 

maximum level of total spray heat absorption rate corresponding to the particular total 

water flow rate. This level is defined by the maximum possible evaporation rate, i.e. 

depends on the total amount of droplets in the hot layer, their diameters and residence times 

(see Equation 4.20). Since droplets evaporate constantly in hot gas, their amount in spray 

seize and can be totally consumed while they traversing the hot layer. This fact leads to the 

limitations in total heat absorption and evaporation rates. 
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Figure 4.19. Spray heat absorption: I- 0.3 mm; 2- 0.4 mm; 3 - 0.5mm. Total water flow rate is 80 
l/min. The discharge angle range -90 to 90°. Hot layer depth is Im. 

It has to be noted here that the theoretical limits of heat absorption will be slightly higher 

since in present numerical study, the droplet lifetime is limited by the diameter reduction 

only to lOjim, while theoretically the full evaporation is allowed. 

In Figure 4.20a, droplet size distribution for AM24 mist nozzle [112] is presented to 

highhght the effect of mist droplet diameter distiibution on total spray heat absorption rate, 

as presented in Figure 4.20b. In Figure 4.20b, the effect of water discharge rate on spray 

heat absorption level is shown for two cases: 80 l/min (curve 1 and 3) and 40 1/min (curve 2 

and 4). The reduction in heat absorption is approximately the same as in water flow rate 

(i.e. twice as less). Thus, the heat absorption rate is proportional to water flow rate and the 

coefficient of proportionality will be different for different mean droplet diameters 

representing the spray. 

It is worth to notice that even though the water flow rate is twice reduced, it still absorbs 

more heat at the same temperature as sprays with approximately twice larger droplets (0.5 

mm). Comparison of heat absorption rate for 0.3mm spray with 40 1/min water discharge in 
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Figure 4.20b and for 0.5 mm (80 1/min) in Figure 4.19, for example, for 600°C, show diat 

0.3 mm spray at 80 1/min absorbs approximately twice more heat than 0.5 mm spray at 80 

1/min. This makes the variance of droplet diameter much more effective mean in fire 

cooling and suppression than change in water flow rates. Present conclusion is in a good 

qualitative agreement with experimental data of Japanese researchers [113], where they 

indicated a failure of oil room fire extinguishment by 140 )j.m spray discharged at 1.5 1/min, 

while it was extinguished by 85 |Ltm droplets injected at the double reduced rate of 0.75 

1/min. 
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Figure 4.20 a) Droplet size distribution for the AM24 mist nozzle; b) Heat absorption for 0.3mm 
uniform droplet spray (lines 3 and 4) and AM24 rwzzle (lines 1 and 2) as a function of water flow 
rate. Curvers I and 3: 80 l/min; Curves 2 and 4: 40 l/min. 
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To connect the results of this section with the "droplet diameter optimality" smdy in 

Section 4.3 built on the understanding of droplet residence times. Figure 4.21 has been 

drawn. At this figure, the droplet trajectories at 1200°C for 0.3 and 0.4mm sprays are 

plotted. Examining Figure 4.13a, it can be seen that both 0.3 and 0.4nim sprays are close to 

the same limiting heat absorption rate. However, in terms of droplet dynamics, the spray 

with heavier droplets exists longer in a given hot layer and penetrate further, traversing the 

whole hot layer depth of Im, as shown in Figure 4.15. The increase in droplet diameter 

above 0.4 mmti will lead to essential reduction in heat absorption (see curve 3, Figure 4.13a), 

with no benefit to droplet penetration capabilities for the same surrounding conditions. 

Thus, for high surrounding gas temperature with intensive droplet evaporation provided, 

the spray optimal (minimal) droplet diameter can be identified depending on this 

temperature and the hot layer depth involved into coohng process. 

Figure 4.21. Vertical trajectories over time for 0.3mm (symbols) and 0.4mm (solid line) droplets 
injected into 1 m hot layer of 1200°C Initial velocity is -I m/s with a 45° angle. 
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4.4.2.3 Heat absorption distribution within the spray occupied space 

In order to substitute heat absorption rate as a sink term in a one-dimensional one-zone 

model of a fire environment, the uniformity of real heat absorption rate distribution within 

the occupied by the spray has to be analyzed. Figure 4.22 shows the ti-ajectories distribution 

of 0.3 mm mist spray with evaporating droplets discharged within 400°C gas envu-onment. 

Spray is represented by 20 angles and the hot gas layer of 1 m depth is divided into 20 sub

layers. The heat absorption rate distribution (Q-distribution) shown in Figure 4.23 for die 

spray occupied 2D- space of Imxlm. The Q-distiibution is not as smooth since the spray 

division into 20 sectors is not sufficiently fine. However, it is important to note the trend: 

the peak of heat absorption happens at the very tiny space (nearly point) close to the nozzle, 

while for the rest of the space the Q-distribution can be considered as uniform. This fact 

can be of importance if the effect ceiling of jet coohng is of interest in modelhng spray-fire 

interaction, otherwise spray can be modelled as a point sink term in a one zone fire 

enclosure. 

Vo=10m/8 do=0.3mm 

-1.20 

X(m) 

Figure 4.22. Droplet trajectories of 0.3 mm unconfined spray discharged with 10 m/s initial 
velocity in steady 400°C gas environment. 
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Figure 4.23. Heat absorption rate (kW) distribution along the ceiling (I) arul across the hot layer 
(J) inside 400°C gas environment. 

4.4.3 Conclusions - Mist Sprays 

1. The sprays released under high surrounding temperamres can produce only a limited 

heat absorption rate. This limitation or "plateau" depends on total water flow rate. The 

lowest gas temperature at which this "plateau" occurs depends on droplet diameter or 

the level of evaporation rate. 

2. The effect of droplet size on heat absorption during gas cooling is twice as important 

than the role of total spray flow rate at similar ambient conditions. 

3. Droplet dynamics plays an important role in spray effectiveness. Thus, even though fine 

water mists are very effective in heat absorption, they still are not as effective in 

penetration and filling the space as coarser ones. 

4. Heat absorption rate distribution is not totally uniform within the space occupied by the 

spray. However, it still can be modelled as a point sink term if the spray cone occupies 

most of the space of the fire enclosure. 
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5 SURFACE COOLING 

5.1 INTRODUCTION 

In the design of sprinkler systems, it is generally assumed that water spray can reach die 

fuel surface. The consequent interaction between water droplets and fuel surface, from fuel 

coverage to fuel cooling, then becomes one of the major mechanisms of fire 

extinguishment. Of the phenomena associated with such interaction, fuel coohng due to 

water impact has not been studied systematically in the literamre. In the present Chapter, a 

model of fuel thermal behavior during fire before and after water application is presented. 

5.1.1 Fire Extinguishment due to Fuel Cooling with Water 

Although a number of works exists on fuel coohng during extinguishment, their scope is 

limited. There are experimental works in fire extinguishments using solid combustibles, 

that examine the effect of water delivered density [27, 114, 115] together with the effects 

of fuel type, orientation, configuration and distance from sprinkler [29]. In tiiese works, the 

interaction between water droplets and hot fuel surface has not been smdied. In the 

suppression of gas fires, on the other hand, the role of spray droplet diameter and velocity 

has been studied [30, 116, 42, 46]. In spite of these mostly experimental smdies on fire 

suppression, little has been done to provide a theoretical background and a model for fuel 

cooling processes due to water application in a fire environment. One such attempt can be 

found in [117], where a simple model is developed for the spray cooling of a hot body with 

uniform temperature distribution in order to predict a water heat absorption rate. The model 

is based on experimental results for the spray cooling of a carbon steel plate. The surface 

temperature is taken to be at the Leidenfrost^ point [118], and the effects of spray properties 

are not studied. No account is given to real fuel properties, and the assumption of 

As described in [118], "in 1756, Leidenfrost noted that small spherical droplets formed on a hot smooth 
iron spoon took a relatively long time to evaporate. He was the first scientist who started to investigate the 
film boiling of discrete masses. In his honor the stable film boiling of discrete masses is termed as the 
Leidenfrost phenomenon." 
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Leidenfrost boiling which is associated with a critical heat flux level depending on the 

surface properties [119], is not justified. 

In [56, 120], a comprehensive analysis is given of wood combustion in terms of 

temperature distribution inside fuel and external fire dynamics using CFD. The surface 

temperature history of wood is predicted during fire with no water application, and the 

numerical results are compared with the experimental results in [56]. These experimental 

and numerical results are compared with the present results with no sprinkler interaction in 

Section 5.3. 

The model of [120] has been extended to include a sprinkler sub-model in [56]. In this 

combined model, a standard sprinkler sub-model is used for gas cooling. The surface 

cooling model is based on the assumption of complete water evaporation on top of a hot 

surface. The effect of incomplete evaporation is not accounted for, although the simplified 

model of [117] could have been used for this purpose. In [56], extinguishment is defined 

based on the decay of mass buming rate for different water application rates. Fuel 

temperature history are not shown, although cooling rate across a sample thickness is 

considered to be of the main importance in the extinguishment of charring combustibles, 

such as wood. 

In [14], the extinguishment of plastic combustibles is discussed using the same 

simplification for sprinkler heat absorption rate as in [56], where complete water 

evaporation is assumed. In [121], similar to [56], thermal behaviour of fuel before and after 

sprinkler activation is not explicidy shown, although it is stated that for plastics, 

extinguishment is governed by fuel surface temperature. However, qualitative agreement is 

presented with experimental results in terms of critical water flow rate needed for 

suppression for different extemal heat fluxes applied to fuel. 

5.1.2 Basic Surface Cooling 

Several studies on surface cooling can be found in the literature. The fundamentals of heat 

transfer during evaporation and boiling of liquid on a heated surface were studied by 
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Kutateladze [122] in 1962. Another detailed description of surface cooling regimes, 

especially due to a spray which forms a shallow layer on top of the hot surface, can be 

found in [123], The description and quantification of Leidenfrost phenomenon for dilute 

sprays with low Weber number (We) droplets resulting in droplets bouncing on the hot 

surface, is given in [124, 125]. The behaviour of thin liquid film caused by spray 

application with high We, is experimentally studied in [126]. The experimental and 

theoretical study of the behaviour of a single droplet on a heated surface can be found in 

[119, 127, 128]. 

The common feamre of the works listed above is that the measurements related to boihng 

phenomena are usually taken on hot polished metal surfaces. Correlations for rough 

surfaces of low conductivity, such as plastics, wood, char or polyurethane (PU) foam, are 

uncommon. The influence of surface roughness on the occurtence of a particular boihng 

regime is studied in [139, 127], and the effect of surface thermal diffusivity is given in 

[128]. Although these correlations have been obtained in connection with different metal 

surfaces, they are utilised in the present thesis. 

In the present study, water heat absorption in fuel cooling is studied in detail. Emphasis is 

given to fuel thermal behaviour before and after water application. Fire effect is 

simplistically accounted for by an extemal heat flux applied to the fuel surface. This part, 

along with Chapters 3 and 4, serves the development of an overall sprinkler performance 

model in terms of fire-sprinkler interaction. The present Chapter completes the sprinkler-

fuel interaction part. However, the resulting model can be used as an independent sub

model either in a zone or CFD model of the fire environment. 

In the following section, the possible mechanisms of surface cooling are covered first in a 

detailed description of the physical model. After this qualitative description, a quantitative 

analysis of spray cooling is presented in die following two subsections. The first subsection 

describes the droplet wetted area, and the second provides information on surface heat flux 

during water impact. The behaviour of hot solid fuel before and after water impact is then 

described by unsteady conduction. The final section before the conclusions presents the 
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Results and Discussion of this Chapter, incorporating the ideas of fire extinguishment due 

to fuel cooling with water as well as the basics of surface coohng. Comparisons with 

available experimental and numerical results are also given in this section. 

5.2 IVlECHANISMS OF SURFACE COOLING 

In the present study, fuel cooling is modelled as a one-dimensional unsteady heat 

conduction problem with boundary conditions specified by either incident radiative heat 

flux or convection. As a first step in understanding the local heat transfer mechanisms 

associated with fuel coverage by a water spray, the general classification of evaporation 

regimes is discussed next. 

5.2.1 Physical model 

Several studies exist on the evaporation of a single droplet or of liquid jets and films 

impacting on flat hot surfaces [122,119,127,128, 129]. The present investigation is hmited 

to a shallow liquid layer of depth less than 10 mm [123], caused by a spray on top of a flat 

hot surface. Hence, the case of freely flowing liquid over a heated surface is being 

considered. Typical applications of such cases can be found in technological processes, 

such as quenching and cooling of cutting tools, where the surface may be wetted by a spray. 

Generally, all cases of liquid impingement on a heated surface are covered by ordinary 

evaporation, nucleate (or bubblewise) boiling, transition and/or film boiling regimes [122, 

123]. A sketch of these three possible spray cooling regimes is given in Figure 5.1. 

According to Kutateladze [122, p.375], the behavior of water droplets falling on a hot 

surface can be described as follows. When the temperature of the heated surface is below 

the liquid saturation temperature (liquid boiling point), droplets of liquid spread into a thin 

layer and evaporate slowly (Case 1). When the temperature of the heated surface is higher 

than the saturation or liquid boiling temperature, this temperature difference is referred as 

the surface superheat. In this case, until the surface heat flux exceeds some critical value, 

Qmax, nucleate boiling can be observed in the spreading liquid (Case 2). At heat flux values 

close to Qmax, transition to film boiling occurs. During film boiling, surface heat transfer is 

110 



sharply reduced due to the insulating effect of vapour interlayer produced by droplet 

evaporation from the lower droplet surface. The value of surface heat flux then decreases 

down to the value of qmin, and the surface temperamre reaches its maximum value or 

Leidenfrost point [118]. Between qmax and qnun, the falling hquid can either collect into 

spherical droplets which intermittently make contact with the surface during the entire 

period of evaporation (rebounding process - Case 3a), or the hquid forms a stable vapour 

interlayer causing total interraption of contact between droplets and surface (Case 3b). If 

heat flux drops below the value of qmin, the transition from film boiling back to nucleate 

boiling can occur [130]. The summary of empirical equations for qmin can be found in 

[130]. 

One Phase Flow 

Ordinary 

Evaporation 

TsurfO < Tsat 

Liquic 

Case 1 

SPRAY SURFACE COOLING 

Heated surface 

Pool (bubblewise) 

Boiling 

Tsat < TsurfO < T L 

Vapour 

Two Phase Flow 

Film (Leidenfrost) Boiling 

Tso>TL 

qmin< q < q m a x 

Bouncing Flattened 

Vapou ^^Al 
Case 2 

- -

Heated surface 

Figure 5-1. Regimes of heat transfer in a thin liquid layer due to droplets deposited on a hot surface of 
temperature Tsurp- Tat is the saturation temperature under atmospheric conditions (Tat = 100°C for 
water), qo is the heat flux corresponding to the beginning of boiling, 'TL is Leidenfrost point (around 
200°C for water on metal plates 1122, 127]). q„^ is the maximum heat flux corresponding to the 
occurrence offllm or Leidenfrost boiling, and q^„ is the minimum heat flux corresponding to transition 
from film boiling back to nucleate boiling. 
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The magnitude of the Leidenfrost temperamre, LT, or equivalently, the amount of heat flux 

corresponding to the maximum life time of droplets, depends on wettabihty and thermal 

diffusivity of a hot surface [128]. It also depends on whether the surface temperamre 

changes in cooling or heating. In [128], experimental data on Leidenfrost temperamre as a 

function of surface thermal diffusivity, oc, are given. For surfaces with smaller diffusivities, 

the Leidenfrost temperature is higher. Thus, for carbon steel (a~10"^m^/s, where a is 

thermal diffusivity, a = k/pCp), LT is about 200°C, while for stainless steel (0-1.5x10"^ 

mVs), it is 300°C in cooling and 280° for heating. Given that for most sohd fuels (wood, 

plastics, foams), thermal diffusivity is about 10'̂  mVs [117, 135], even higher LT values are 

expected. 

The typical behaviour of water droplets on a hot metal surface is illustrated in Figure 5.2 

taken from Figure 122 of [122]. This figure represents the lifetime, or the evaporation time, 

of a water droplet of 0.0465 cm'' in volume (or 2.23 mm in radius), as a function of the 

surface temperature of a polished metal plate. The minimum corresponds to intensive 

nucleate boihng occurring at a certain surface superheat above the satijration temperamre 

(ATs ~ 50-60°C). With further temperamre rise, the evaporation rate slows down, and at a 

surface temperature of about 225°C, the deposited droplet shows a maximum life time, 

corresponding to Leidenfrost boiling. The presence of such a maximum is independent of 

die surface properties [118, 122, 123, 127] as well as of the initial droplet diameter [119, 

122]. During the period of Leidenfrost boiling, the thickness of liquid layer remains 

practically constant [122]. 

112 



E
va

po
ra

tio
n 

Ti
m

e 

^
 

o
 o

 o
 

c 

I I 1 1 1 1 / 
t 1 ( I I I / 
I I 1 1 1 1 / 
I I 1 1 1 1 / 

1 1 
j 

1 1 1 1 
. 

1 1 L L 

1 1 1 

)0 200 300 400 5( 

Surface Temperature (°C) 

)0 

Figure 5.2 Time of evaporation of a droplet of 0.0465 cm volume as a function of surface 
temperature [122, p.375]. 

In Table 5.1, the values given in Figure 5.2 are converted into data commonly used to 

quantify spray cooling regimes. In this table, droplet evaporation rate, m v̂, has been 

calculated as the ratio of the droplet mass to total evaporation time. Heat flux absorbed by 

the droplet, qw, is calculated as m̂ v multiplied by the latent heat of vaporization and divided 

by the droplet base area taken as Tir̂ . In the table, niev in kg/s is converted to an evaporative 

density, Dev, in mm/min by using the droplet base area. Dev allows comparison with a 

standard delivered density of about 2.5 mm/min. As seen in Table 5.1, if the surface 

temperature is between 110 and 220° C, nucleate boiling, more than 2.5 mm/min of 

delivered density is required to allow enough water deposit on the surface for evaporation. 

At a surface temperature of 160° C, the surface heat flux reaches its maximum value of 

about 3.7 MW/m^. This point is also the peak of intensive nucleate boiling with minimum 

droplet life time of around 2 seconds. When the surface temperature is high enough to 

cause stable film boiling, at about 240° C, the surface heat flux reduces to its minimum 

value of 0.053 MW/m^. At this point, the droplet life-time rises to its maximum value of 

140 seconds. 
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Table S.l The single droplet evaporation characteristics obtained from Figure 5.2. 

Surface 

Temperature 

(°C) 

110 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

320 

340 

360 

380 

400 

420 

440 

460 

480 

500 

Evaporation 

Time 

(s) 

50 

30 

10 

2 

3 

13 

80 

140 

130 

123 

118 

UO 

107 

102 

98 

95 

90 

88 

85 

81 

79 

Tn^dltx^ 

kg/(sm') 

0.0595 

0.0992 

0.2976 

1.4882 

0.9921 

0.2290 

0.0372 

0.0213 

0.0229 

0.0242 

0.0252 

0.0271 

0.0278 

0.0292 

0.0304 

0.0313 

0.0331 

0.0338 

0.0350 

0.0367 

0.0377 

D„ 
(mm/min) 

3.572 

5.953 

17.858 

89.292 

59.528 

13.737 

2.232 

1.276 

1.374 

1.452 

1.513 

1.623 

1.669 

1.751 

1.822 

1.880 

1.984 

2.029 

2.101 

2.205 

2.261 

Qvr 

(kW/m^) 

148.82 

248.03 

744.10 

3720.52 

2480.35 

572.39 

93.01 

53.15 

57.24 

60.50 

63.06 

67.65 

69.54 

72.95 

75.93 

78.33 

82.68 

84.56 

87.54 

91.86 

94.19 

5.3 QUANTITATIVE DESCRIPTION OF SPRAY COOLING 

5.3.1 Wetted area 

The radius of wetted area, or as it is often called, projected base area, is an important 

parameter in heat transfer considerations [128, 129]. Specifically, in die case of low density 

sprays when a limited number of droplets reach the surface, to cover it gradually before 

flooding, the radius of wetted area needs to be considered. The limited amount of data 
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found in the literature relate usually to particular types of surfaces or temperamre ranges, 

and this information is summarized below. 

The radius of wetted area, R, non-dimensionaUsed with the undeformed sphere radius, Ro, 

of equivalent initial liquid volume, will give the wetting parameter, P = R/Ro. R depends on 

surface temperature, roughness, contact angle (shown by 0 in Figure 5.3) and the speed of 

droplet deposition. Thus, for sprayed water, P can be of order up to 4.5 [129] at the near-

saturation surface temperature prior to nucleate boiling of about 100° C. For droplets 

"softly" [129] deposited on a surface, i.e. from a height less than 1 cm, the value of P is in 

the range of 1.2 to 1.5. It is also reported in [129] that the radius of the wetted area is 

constant through most (90 to 95%) of the total evaporation time. Figure 5.3 shows the 

relationship between the radius of a spherical droplet, Ro, before it impacts a solid surface 

and the droplet base area radius, R, after deposition. Figure 5.3 has been generated from 

Figure 1 of Reference [129]. 

2Ro= 2R/p 

^ ^' 

2R=2RoP = const (prior to nucleate boiling) 

Figure 5.3. Lens-shaped [131] deposited droplet on top of aflat surface. 9 is the droplet contact 
angle. R is the initial radius of the base area. Reproduced from Figure 1 of [129]. 
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In [131], water droplet evaporation is smdied at a low surface overheat, ATs, of about 30° C 

to 100" C above samration temperamre, leading to nucleate boiling. It is shown that the 

time averaged wetted area, (7cR )̂av, is approximately half of the initial droplet base area 

(TCR^). The droplets discussed in [131] are of sufficiently low Weber number, and hence, 

they do not break when they hit the solid surface. Given that for most practical cases, P is 

not exactly defined, and taking into account the reduction of R during evaporation, the base 

projected area is taken as TCRÔ  (P = 1) in the present smdy. 

The volume, V, of lens-shaped droplets deposited on the surface with a constant contact 

angle, 9, can be determined as follows: 

V ^—R^F(d), where 
3 (5.1) 

{\ - cos ey jl + cos 6) 
F(0) = —v--

sm ^ <9 

Equation (5.1) is utilised in the present heat transfer calculations, as explained in Section 

5.3.2. 

5.3.2 Surface Heat Flux 

In order to understand, and consequently, quantify the local heat transfer mechanisms tiiat 

follow fuel coverage by water spray in fire, the three cases given in Figure 5.1 are re-visited 

below. 

Case 1: One-Phase Heat Transfer 

When water temperature does not exceed T ât, the resulting one-phase heat transfer is 

govemed by conduction through the water layer, although negligible convection can also 

exist. The water film is considered completely transparent to radiation energy in the present 

model. The surface heat flux is calculated using the following equation: 

q^ = UTs-T^)/D (5-2) 
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where kw is the water conductivity, Ts and Tw are the surface and bulk water temperamre, 

respectively. In other words, (Ts-T^) is a surface superheat, AT^. D is the water 

characteristic length. In the case of drop-wise wetting, D = 2R, and the value of R can be 

calculated by equating the volume of a deposited droplet given by Equation (5.1) to die 

volume of a non-deformed spherical droplet (47cRoV3). In the case of flooding of flat 

surfaces, D is taken as water film thickness which depends on the water flow Reynolds 

number, and consequentiy, on temperature through water viscosity [132]. 

Case 2 and Case 3a: Wetting Regime 

If the water temperature exceeds Tsat, one of the three boiling regimes can occur, 

corresponding to Cases 2, 3a and 3b. Comparison between acmal surface heat flux and the 

critical heat flux, qmax, identifies the regime, as indicated in Figure 5.1. The following 

formula suggested in [98] for fully wetted regime in surface cooling can be used for this 

purpose: 

<lcm.= — P,"^Llag(p,-pj]" (5 3) 

where pi and pv are the liquid and vapour densities, respectively; a the is surface tension 

between water and vapour, and L is the latent heat of vaporization. For water, q̂ ax is 

typically 1.1x10^ W/ml 

On the other another hand, the value of time-averaged heat flux absorbed by a single water 

droplet in the transition region can be estimated by using the empirical expression given in 

[127]: 

q^ = no X A T / ' ' (5.4) 

where ATs is the surface superheated above liquid boihng temperature. Equation (5.4) is 

obtained for smoodi metal plates, and it can overestimate the values of heat flux for rough 

surfaces with low values of kpCp [127]. Equation (5.4) has been found to compare 

favorably with the experimental data of Kutateladze [122] given in Table 5.1. 
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If the calculated value of heat flux from Equation (5.4) exceeds qmax from Equation (5.3), 

then the system must be operating in the film boiling regime. In the present calculations. 

Equation (5.4) is applied to determine the onset of a specific regime in fuel coohng because 

of lack of specific experimental data for the surfaces of low thermal difftisivities and high 

roughness. Thus, for example, for water coming on top of solid combustible surfaces of 

about 400°C [58], corresponding to pyrolysis for most such surfaces, qw is about 5.x 10̂  

W/m ,̂ and Leidenfrost or film boiling (Case 3) can be expected more than nucleate boihng 

(Case 2). 

When qw > qmax, in film boihng. Cases 3a and 3b, Equation 5.4 is not valid. Instead, the 

time averaged heat flux can be calculated using a semi-empirical equation [128] obtained 

for a wide range of temperatures (80-450°C) and materials: 

1.5 p.L _ ,̂ 1.3 

where the total evaporation time, t, is defined as follows 

r .. y* 
1.1x1.813 

xAT„,-"^xiln-^ 
5 ,i^.P,PvLgJ 

and the reduced latent heat of evaporation, L*, is 

L* = L[l-h(7/20)C,,(Ar,„/L)r 

where L is the latent heat of evaporation; Pv, pLy, kv and Cpv are die density, viscosity, 

thermal conductivity and constant pressure specific heat of steam, respectively, pi is the 

density of water. ATsat is the surface superheat above water saturation temperamre. Vo is the 

initial droplet volume. 

In [128], experimental results are shown to be in a good agreement with Equation (5.5). 

With this equation, a heat flux of about 10.x 10̂  kW/m^ can be calculated for a ATsat of 
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300°. The distinction between Cases 3a and 3b depends on die surface superheat, die 

normal velocity component of droplets approaching the surface and surface roughness. 

Case 3b: Bouncing Droplets 

The dynamic Leidenfrost phenomenon, or film boiling with bouncing droplets, described 

earlier in Section 5.1, is often referred in the hteramre in connection widi spray cooling of 

hot metal (smooth) surfaces [118, 117]. The recent investigation of Buyevich [124], 

showed that the position of the maximum in Figure 5.1 depends on surface roughness and 

the normal component of droplet approach velocity. This maximum evaporation tir (5.6) 

corresponds to die surface superheat that leads to the establishment of stable fihn boiling. It 

was also shown [124] diat the magnitude of the repulsive force generated by an excessive 

vapour pressure is a function either of the surface superheat if the droplet size and normal 

velocity are maintained constant, or of the droplet fall velocity for the same surface 

overheat, for a given surface. The theoretical smdy in [124] of bouncing droplets led to die 

following expression for the critical impact velocity of a droplet as a function of the surface 

superheat and wall roughness for a given droplet size: 

u cr 0 
3 t / , f e , / ? o A r 

2 p ,LS ' 

I / 2 

(5.6) 

where Vy and ky are vapour kinematic viscosity and conductivity, respectively; pi is liquid 

density; 6 is wall surface roughness, L is the latent heat of evaporation, AT is surface 

overheat above saturation temperamre, and Ro is the droplet initial radius. If droplet impact 

velocity, Uo, does not exceed this critical value, Ucro, then droplets will bounce on the vapour 

cushion. The droplets with impact velocities more than the critical value will be collected at 

the surface. 

Altematively, Buyevich [124], provided an expression for the dynamic Leidenfrost 

temperature of droplets with a constant diameter and velocity. If the surface temperamre 

exceeds this critical amount, then droplets bounce off of the surface: 

2 S 3 

T, = r , + 0.65 p_^Lu__o_S 
y..k..R, 

(5.7) 
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Equations (5.6) and (5.7) were obtained with the assumption of dilute spray or low droplet 

concentration in the vicinity of the surface. Another limitation of the model proposed in 

[124] is that the droplet temperature as it approaches the surface coincides with liquid 

boiling temperature. Therefore, in reality, the value of TL for subcooled water (water 

temperature lower than liquid boiling temperamre) can be higher and critical velocity 

smaller than predicted by Equations (5.7) and (5.6), respectively. 

In this smdy, it is assumed that most bumt surfaces would be rough, with a 5 of about 50-

lOOjxm. It is further assumed that most of the sprayed droplets are likely to be capmred by 

such a surface, provided that the wetted mode falls into either Case 2 or 3b of Figure 

5.1Error! Reference source not found., depending on heat flux. In addition to expecting 

high roughnesses for most solid ftiel materials, low droplet We numbers, or terminal 

velocities, are also expected, contributing further to the wetting mode rather than the 

bouncing regime. In addition, if the surface is large enough, even the bouncing droplets are 

expected to be captured. 

5.4 FUEL BEHAVIOUR: UNSTEADY CONDUCTION 

The conservation of energy within a solid substance can be expressed by the heat 

conduction equation [98]. For a semi-infinite body (one with much larger longitudinal 

dimensions than the transverse ones), the one-dimensional transient thermal conduction 

equation is written in the following form: 

^ dT , d'T 0 < x < 5 (5.8) 

where p, Cp and k are the fuel density, specific heat and diermal conductivity, respectively, 

qc is the internal energy generation per unit volume inside the conti-ol volume. T and 5 are 

the material temperature and thickness, respectively. The combination a = k/pCp is earlier 

referted to as thermal diffusivity. Since heat generation or sink terms are not considered, qo 

= 0. The boundary conditions are written as follows: 
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^ I ^ = Qin <l^d — k 1 o = 0 /CON 
dx ''=° ' dx '"='' (5.8a) 

where qi„ is the resulting incident heat flux at die top material surface (x = 0), and the 

bottom surface (x = R) is considered to be adiabatic. Similar one dimensional treatment was 

found satisfactory by Novozhilov et al. [105, 120] in modelling of wood combustion. 

Considering the fuel as a semi-infinite plate. Equation (5.8) can be solved numerically with 

appropriate initial and boundary conditions. With a control volume approach, dividing the 

domain 0 < x < 6 into N-1 equal segments of width Ax = 5/(N-l) , and with a time step of At 

= tm+i - tm, Equation (5.8) can be written in an explicit final difference form as follows 

[98]: 

Ti,m^, = Ti,m + Fo(Ti.,i,m - 2Ti,m + T,.;.^) 2< i < N (5.9) 

where Fo is the Fourier number, Fo - Ata/A)i^, and Ti,m = Ti,oid and Ti,m+i = Ti.new, where 

old and new refer to the previous and present time steps, respectively. The initial condition 

corresponds to a uniform temperature To at all nodes, usually taken as 20°C: 

Ti,i = To 1 < i < N, m = 1 . (5.10a) 

For fuel exposed to extemal heat flux, the explicit boundary conditions are as follows: 

T,,^,=T,,^-^[2At/(pCpAx)](qin+k(T2.„-T,,,ny^) and Ts..n.., = To (5.10b) 

The solution of the system of explicit equations (5.9) and (5.10) is sti-aightforward. 

However, there is a limitation on the time step [98]: 

At<Ax^/2a or Fo < 0.5 (5-11) 

As indicated by Equation (5.8a), or equivalently by Equation (5.10b), the fuel surface 

temperature is govemed by the extemal heat flux, qin- In this study, the extemal heat flux is 
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taken to be heat release rate per unit area, qjn = qfire. Expressing qr̂ e as a function of time 

for a medium-size fire [133], the extemal heat flux becomes, 

qin= qf,re = 0.0117t^ (5.12) 

where qfire is in kW/m^, t is in seconds. 

5.5 RESULTS AND DISCUSSION 

5.5.1 Before Water Application 

The heat flux history cortesponding to Equation (5.12) is plotted in Figure 5.4. With diis 

extemal heat flux. Equations (5.9) and (5.10) were solved for a PU (polyurethane) slab of 

0.1 m thickness, divided into 20 equally spaced nodes. The properties used in the 

calculations for PU foam were taken as follows: p = 29 kg/m^ Cp = 1.3 kJ/(kgK) [32], and 

a = 1.2x10 m Is. Sample temperature histories across the slab are plotted in Figure 5.5. 

The heat loss from fuel surface due to radiation and convection is not accounted for in this 

calculation. The constant surface temperamre of 400°C cortesponds to the known phase 

transition (pyrolysis) of PU at this level. Lack of detailed experimental data in fuel heating 

during fire does not allow validation of the results presented in Figure 5.5. Limited 

comparison is given next with two different sets of available data. 
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Figure 5.4. Medium fire heat flux history 
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Figure 5.5. Temperature proflle history in a PU slab across the non-dimensional depth x/R 
(R=0. Im). Each curve corresporuis to a different time starting at 5 s with a time step 100 s. 

In Figures 5.6 and 5.7, comparisons are shown of the present numerical results with the 

experimental results from [120] and with the present experimental results, respectively. For 

the experimental results given in Figure 5.6, a rectangular vertically oriented piece of wood 

(particle board) was exposed to a constant surface radiant heat flux [120] of 31 kW/m^ 

during a small scale experiment. The following properties needed for the calculations are 

taken from [120]: p = 663 kg/m^ Cp = 2.52 kJ/(kgK), and a = 7.5x10^^ m^/s. The symbols 

in Figure 5.6 represent the surface temperamre history. The solid line in Figure 5.6 

represents the present calculations. The incident surface heat flux qin in Equation (5.8a) has 

been taken as follows: 

q.n = qfire " Qirad " qc ( 5 . 1 3 ) 

where qr.re is the constant radiative heat flux applied to the wood surface, taken as 31 

kW/m^. qu-ad is the gray body Boltzman irradiation from hot fuel surface to the 

surtoundings, and qc is the convective heat loss from the heated surface to ambient gas. qirad 

is calculated with fuel emmissivity taken as 0.9 [120]. 
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For qc, the convective heat transfer coefficient, h, has been calculated based on an empirical 

cortelation for the Nusselt number as a function of the Grashoff and Prandti (Gr,Pr) 

numbers: Nu = Ci(GrPr)" [58, p.56], where the coefficients Ci and n depend on the value 

of product (GrxPr). Thus, for (GrxPr) < 10̂  ci=0.59 and n= 0.25, for (GrxPr) > 10̂  ci=0.13 

and n= 0.33. Then, h = Nu kair /D, where kair is the air conductivity, D is the sample 

characteristic length generally equal to the ratio of the surface area to surface perimeter. 

The calculated values of the average heat transfer coefficient, h, did not exceed 10 

W/(m^°C) for the range of plate temperatures up to 600°C. Hence, the effect of convection 

(both heating and cooling) was considered to be negligible. The calculated surface 

temperature history is plotted in Figure 5.6 shown by a solid line. 

In Figure 5.6, the present numerical results are in closer agreement with the experimental 

results than those obtained in [120] using CFD modelling. The predicted temperamre 

history approaches steady state due to the balance between the absorbed heat and heat loss, 

although in the modelling of wood combustion, unhke PU, there is no limitation of a 

constant surface temperature cortesponding to pyrolysis. Wood extemal surface chars, and 

it remains exposed to fire. The difference between the present prediction and experimental 

results can be explained by the possible change in wood properties during charring which 

are not taken into account in the present model. 
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Figure 5.6. Comparison between predicted and experimental wood surface temperature 
histories. Wood is exposed to a constant exterrutl heat flux of 31 kW/m [120]. 
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Figure 5.7. Time-temperature curves recorded during a flashover flre by 4 k-type thermocouples 
imbedded in a PU-slab [110]. Each curve corresporuis to a different depth inside the PU-slab. 
The predicted surface temperature is given as a solid thick line. 

In Figure 5.7, experimental damm are presented for a PU slab of 1x1x0.1 m^ during a full 

scale fire test mn at CESARE (Centre for Environmental Safety and Risk Engineering) of 

VU (Victoria University). Four k-type 0.5 mm thermocouples were inserted into the PU 

slab at equal distances along the depth as shown schematically in Figure 5.7. The first 

thermocouple was placed about 2 cm below the top surface. The thermocouples were not 

shielded. Further description of the experimental setup can be found in [110]. 

In the model, a constant heat flux was applied to the burning surface. The reason for this 

assumption is that by the time the first 2-cm depth of the PU slab bumt out to expose the 

first thermocouple, in about 300 s from the ignition, the fire had already reached a quasi-

steady state. Consequently, the fuel was exposed to a constant heat flux. This value was 

taken to be 9 kW/m^ in the present calculations, cortesponding to the critical flux needed 

for the ignition of PU [134]. Unlike wood, all plastics and PU [58,121] are known to bum 

at a constant surface temperature in the region of 270 to 370°C during pyrolysis. Thus, in 

the model, as indicated in relation to Figure 5.5, when the PU surface reaches a pyrolysis 
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temperature of about 400°C, it is kept constant until the upper layer bums out. Further 

thermal degradation of material has not been modeled. The calculated surface temperamre 

history is qualitatively similar to the experimental behavior. 

A further comparative analysis is given in Figure 5.8 of wooden and PU slabs' 

surface temperature behavior in a t^-fire. The curves reflect the well known fact that to 

ignite wood by the same amount of heat flux as PU would take longer. 

0 500 1000 

time (s) 

1500 

Figure 5.8. Surface temperature histories for PU (curve 1) arul wooden (curve 2) O.Im thickness 
slabs during t^ flre without sprinkler activation. 

It should be added here that Equation (5.8) is valid until the fuel temperamre reaches the 

pyrolysis point, Tpyr. Then, an additional heat sink term will appear in Equation (5.8) due to 

the latent heat of pyrolysis (qin = qfire - Qpyr), and the fuel depth, R, will no longer be 

constant. From this point, the surface temperature remains constant in the present 

calculations, but no consideration to fuel surface degradation is given. 

5.5.2 After Water Application 

With water applied on top of the fuel during the fire, the term qin in Equation (5.8a) will 

change to include water heat absorption rate per unit area, qw. 

qin= q'fire-qw (5.14) 
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where qw takes one of the values described by Equations (5.2), (5.4) or (5.5) depending on 

the cooling regime established, as described in relation to Figure 4.1. The heat flux the 

from fire, qVe is also weakened by the water film due to radiant energy absorption, q'̂ .̂ 

may be expressed by: 

q'fire=qfire(l-e"'") (5 .15 ) 

where k is the absorption coefficient, x is the distance of penetration into medium, and qfire 

is the radiant heat flux at x = 0. Equation (5.15) is similar to the radiation term in Equation 

(4.3) with the subsequent discussion conceming k. Due to the uncertainties in evaluating k 

and penetration length, the water film is considered here to be completely transparent to 

radiation energy and heated only by conduction, as govemed by Equation (5.2). 

In the present model, the choice of cooling regime is determined based on the water 

temperature which changes according to the following heat balance: 

Tw "̂'̂ ") = Tw °̂"̂  -f-qw/Cpw/DD (5.16) 

where Tw is the bulk water temperature and the DD is delivered density of water spray in 
fy 

kg/(sm ). Depending on the bulk water temperature, the cooling regime and consequently, 

qw, are determined as described next. 

If Tw > Tsat, then, one of the two boiling regimes is present. Hence, qw is calculated using 

either Equation (5.4) or Equation (5.5) depending on qmax produced by the surface. When 

Tw reaches Tsat, it is kept constant till all water evaporates [127]. If Tw< Tsat, then, one-

phase heat transfer is present. Hence, qw is calculated using Equation (5.2). 

The results of surface temperature behaviour for different types of fuel after sprinkler 

activation are shown in Figure 5.9. In this figure, water is apphed when the fuel surface 

reaches 400°C for both wood and PU. The surface temperature drops immediately at the 

time of contact, and then, it starts to rise slowly since extemal heat flux is still acting on the 
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fuel through the transparent water film. The incident heat flux for both wood and PU is the 

t^-fire given in Equation (5.12). 

Figure 5.9. Surface temperature histories during continuous water application on top of burning 
fuel for PU (curve I) arul wood (curve 2). A sprinkler of delivered density 3 mm/min is activated 
when surface temperature reaches 400°C. 

In Figure 5.10, the case of one-shot water application is shown when the fuel temperamre 

reaches 400°C. This case can cortespond to an on/off sprinkler apphcation. The results in 

Figure 5.10 cortespond to a t^-fire. In this figure, the PU curve exhibits a plateau at 100°C 

for a while, approximately 400 s, until the water layer totally evaporates. In the case of 

wood, this plateau is almost non-existent. Of the two, wood has a thermal diffusivity about 

an order of magnitude lower than that of PU. Consequentiy, it takes longer for wood to 

reach 400°C compared to PU. As such, at the moment of water application to the wood, 

the incident heat flux is greater in comparison to the PU. This can be seen in the figure by 

different evaporation times: for wood (right after sprinkler activation) all water evaporates 

within a few time steps, in about 0.5 s. 
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Figure 5.10. Surface temperature history with fully interrupted water application on top of buming 
fuel for PU and wood of O.I-m thickness slabs. Applied heat flux is the t^-flre. 

5.5.2.1 Critical water flux 

In connection with extinguishment, the critical water fiux or DD (dehvered density) refers 

to the volume flow rate when either visible flames disappears in experiments or mass 

buming rate totally decays in simulations [121]. In the present model, the critical water flux 

is calculated as the minimum flux below which all droplets on top of fuel within a time step 

will evaporate faster than the rate of surface coverage. For this purpose, the following 

procedure is applied starting from the moment of water application. The time to evaporate 

all droplets, TTl, is calculated as follows: 

TTl = WW/(nieyAf), (5.16) 

where Af is the exposed fuel area, and WW is the total droplet mass on top of fuel. WW = 

NVolipi, where Volj is the volume of a single deposited droplet, N is the maximum droplet 

number on top of fuel surface with the assumption that droplets cover the surface by one 

layer equal to Af/Ai, where Ai is the single droplet area, niev is the mass flow rate of 

evaporation of droplets calculated based on qw at a given time and equal to qw/L, and L is 

the latent heat of evaporation. 

The time to cover the whole surface, TT2, is equal to the Af/(A\N) where N is the droplet 

number flow rate (1/s). The critical water flux cortesponds to the case when TTl becomes 
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less than TT2. In this case, the water layer evaporates before it is renewed, and the fuel 

surface temperamre quickly rises as there is no water on top. Hence, the value of critical 

water flux varies linearly with apphed heat flux, as described next. A similar variation has 

been shown in [121]. The critical water flux depends on fuel type, in addition to heat flux. 

The critical water flux calculated with the present model for a wooden slab is presented in 

Figure 5.11. This result can not be compared quantitatively with the experimental values 

summarised in [121], since no values for extemal radiation are given. However, most of the 

experimental values for wood are listed in the range of 1.2 to 3.8 g/(sm^) in Table 2 of 

[121], of about the same order as the predicted values in Figure 5.11. 

wood 

External radiant heat flux ( kW/m'^) 

Figure 5.11. Calculated critical water fluxes for a wooden slab exposed to (Afferent levels of 
radiant heat flux. 

Similarly, the experimental results of Unoki [70] indicate values in the range of 3.17 - 7.02 

g/(sm^) for wooden pallets. As indicated in Figure 5.11, if die extemal heat flux increases 

as a function of time, then, the critical water application rate depends on die time of 

sprinkler activation. When water flux is above the critical value, the surface temperamre 

remains below the boiling point regardless of water flux magnitude, in agreement with 

[121]. 
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5.6 CONCLUSIONS 

Fuel thermal behaviour prior to pyrolysis has been investigated as a transient heat 

conduction problem with boundary conditions specified by the radiant heat flux due to fire 

with and without water on the surface. The water film on the fuel surface is considered 

transparent for extemal radiation. The following conclusions can be drawn: 

1. The heat absorbed by water impinging on hot (T > Tsat) fuel surface depends on the 

boiling regime which occurs after contact with the surface. This regime is defined by 

the surface temperature overheat above Tsat- The resulting evaporation rate defines the 

critical water fiux. 

2. The critical water flux cortesponding to the amount of water needed for complete fuel 

coverage, depends on the value of extemal heat flux and fuel properties. 

3. Further experiments in fuel cooling during fire, providing surface temperamre histories, 

are needed. 
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6 INTEGRATION OF SPRAY COOLING MODEL WITH 

NRCC-VUT ZONE MODEL 

A quasi-steady two-dimensional spray-cooling model has been developed based on the 

fundamental heat and mass balance equations written for water droplets and hot gas flow 

induced by a compartment fire. This model is described in Chapters 3 to 5. After verifying 

the capabihties of the model as outiined in these chapters, it has been used to simulate fire 

suppression within a compartment. For this purpose, the model has been integrated with the 

NRCC-VUT (National Research Council, Canada - Victoria University of Technology) 

one-layer zone model, FGM (Fire Growth Model), and transient fire-sprinkler interaction 

has been simulated with the combined code. The zone model was needed for the simulation 

of a realistic fire environment. The combined code allows to evaluate the contribution of 

two of the suppression mechanisms, namely, gas cooling and fuel coverage in terms of 

different spray characteristics. 

6.1 INTRODUCTION 

Many studies have been conducted to investigate large droplet and mist sprinkler 

performance during fire extinguishment. Experimental studies include full-scale [25, 31, 

70, 135] and small-scale [29] fire suppression experiments where single or multiple fire 

parameters, such as temperature, heat release rate, oxygen concentration and visible flame 

extinguishment, have been registered versus varied sprinkler characteristics, such as water 

flow rate, droplet diameter and discharge angle, to evaluate sprinkler effectiveness. The 

conclusions generally relate to rooms of a certain size, ventilation conditions, fuel type and 

configuration and a fixed way of water application. 

In practice, depending on specified class of occupancy hazard and floor area, standard 

sprinklers are designed to provide a certain prescribed minimum water application rate over 

a specified area. This approach is called the Area/Density Method [136], and it can be 

safely applied only to sprinklers and fire scenarios which are similar to the testing 

procedure. In this method, all calculations and measurements are based on the assumption 
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that the whole water discharge is delivered on top of fuel. The available results are for 

standard residence sprinklers. For sprinklers other than standard ones, for example for Fast 

Response (FR) sprinklers, separate experiments are needed. As for mist systems, there are 

no uniform design criteria, nor enough experimental data available to understand the 

mechanisms of suppression and to prescribe the operational parameters. There is a definite 

need for a computational tool that can relatively quickly and cheaply predict sprinkler 

performance in non-standard fire/enclosure situations. 

Existing computational smdies in this area include CFD modelling of the fire environments 

usually coupled with a particle tracking approach to assess sprinkler effectiveness [37, 39, 

43, 73]. Most CFD models do not practically allow the implementation of multiple 

extinguishing mechanisms in the suppression process. The effects of different spray 

parameters in combination with various buming conditions have not yet been considered 

using CFD [77]. 

An altemative computational approach to predict single and multi room fires is zone 

modelling. Although zone models require extensive empirical input, they are practical 

engineering tools to calculate fire development and suppression. In spite of the relative 

simplicity of zone modelling, little has been done to account for the effects of sprinkler 

parameters in combination with extemal fire conditions on sprinkler performance. Few 

models pubhshed in the literature contain a heat ti-ansfer model of sprinkler interaction with 

hot gases [32, 36, 41]. However, a transient fire environment has not been modelled 

satisfactorily in these works, and consequentiy, suppression has not been calculated 

adequately. 

Some of the existing fire codes based on zone models contain sprinkler response and 

suppression calculations. In these models, such as FAST (Fire Growth and Smoke 

Transport) and its versions [68, 137], suppression calculations are based on experimental 

cortelations between water application rate and fire heat release rate as discussed by Evans 

[138]. Generally, the cortelations proposed for suppression calculations are one-parameter 

expressions [89], depending only on water apphcation rate, and limited by fuel type, 
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configuration and conditions of water application. Spray dynamics and its direct effect on 

gas temperature and velocities have not been modeled yet [68]. 

One of the fire models that includes water suppression, where droplet trajectories and heat 

ti-ansfer effects are considered, is the Fire Demand (FD) model [48]. It was developed in die 

United States in the 1980s. Only post-flashover compartment fire suppression was 

modelled by FD, and later, the results were shown of agree reasonably with the experiments 

ofTuomissaari [13] in terms of heat release rate and temperamre histories [13]. 

For the work summarized in this chapter, the sprinkler submodel [139, 140, 141] has been 

incorporated into an existing zone model [142]. As described in Chapters 3 to 5, the 

submodel includes droplet dynamics and associated heat and mass transfer between gas 

flow and water droplets as well as between fiiel and water. The objective is to simulate 

suppression phenomena due to gas cooling and water-fuel interaction. The capabilities of 

both the sprinkler submodel and the zone model, NRCC-VUT FGM, allow investigation of 

fire development and suppression with respect to various sprinkler parameters, such as 

mean droplet diameter, discharge rate, RTI (Response Time Index), fuel exposure to water, 

room geometry and ventilation conditions. The model predictions are compared with fire 

suppression experiments in a bum room using residence fast-response sprinklers of 

different discharge rates. In these experiments, only total fuel surface coverage with water 

spray has been studied [143]. Hence, the predicted contribution of suppression from gas 

coohng has not been verified for residence sprinklers. For mist sprinklers, experimental 

data of Tuomissaari [13] has been used for comparison with the present gas coohng 

prediction. 

6.2 IMGDELLING OF SPRINKLER EVTPACT ON FIRE: ZOJVE 

JMODEL AND SPRINKLER SUBIMODEL 

In this work, a one-zone model is used to predict fire growth in terms of fuel mass loss, 

average room temperature and exhaust condition histories in a bum room. The model was 
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originally developed by Takeda and Yung in 1992 [144] as the NRC (National Research 

Council of Canada, later NRCC) Fire Growdi Model (FGM). After being validated against 

full-scale experimental data, it was further modified by Cooper and Yung [134]. In 

collaboration with CESARE (Centi-e for Environmental Safety and Risk Engineering, 

Victoria University (Austi-alia), it was developed into the NRCC-VUT Fire Growdi Model. 

Most of the cortections to the original NRC model have been implemented to achieve more 

accurate prediction of fuel mass loss rates for different types of fuels [134] and species 

production rates [134, 145], while the basic equations and one-zone approach remain 

unchanged. 

In the present study, fire suppression due to gas coohng and fuel coverage by water 

sprinkler has been predicted using the NRCC-VUT FGM [145]. The idea of such 

calculations within a zone model appeared in [134] as a suggestion for further work. 

However, neither appropriate algorithms, nor extinguishment results have been produced 

since then. 

In Figure 6.1, the algorithm for the NRCC-VUT FGM is given. This flowchart is taken in 

part from the original work of Cooper and Yung [134]. In Figure 6.1, there are two major 

additions to their flowchart, namely, the occurtence of sprinkler activation time, tAcr. and 

the calculation of sprinkler heat absorption rate after sprinkler activation. The sprinkler 

submodel is referted as SHAR (Spray Heat Absorption Rate) here. The use of this 

abbreviation, SHAR, is similar to the terminology of Kung [25]. The two present additions 

are highlighted in gray in Figure 6.1. The subprogram SHAR takes gas temperamre as an 

input and returns the additional heat loss and steam production rate to the main program. 

Therefore, after the sprinkler is activated, the part of the algorithm labeled "SPECIES 

BALANCE" receives the spray steam production rate over the curtent time step. In 

addition, the part with "COMPARTMENT ENERGY BALANCE" obtains the additional 

heat loss due to heat absorbed by droplets. Further details of the zone model and its 

combination with the sprinkler submodel are discussed in the next two sections. 
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6.2.1 Zone Model 

The sequence of calculations using the NRCC-VUT FGM is explained next following the 

flowchart given in Figure 6.1. At the beginning of the calculations, the two input data files 

are read to supply the model with needed information. One of the files provides the data 

relating to the fire scenario (door open or closed), fire type (smouldering or flaming), 

enclosure and openings, initial fuel mass, wall thickness and conductivity, window 

breakage temperamre and sprinkler parameters: sprinkler RTI and glass bulb temperamre, 

sprinkler distance from fire and nominal water pressure. It also defines the fire simulation 

time (fire duration). The second file contains the information on chemical and thermal fuel 

properties and buming conditions. It provides the heat of combustion, critical heat flux 

needed for ignition, initial buming radius and magnimdes of critical species concentrations. 

Examples of these user-defined input data files are presented in Appendix C. 

As described in [134, 144], the program consists of two nested loops: an inner loop for the 

iterative calculations to check solution convergence, and an outer loop for marching 

forward in time upon successful completion of the inner loop. In Figure 6.1, the inner loop 

on the left is framed with a thin black line, and the steps of the outer loop are marked with a 

wide gray line on the right and left. Calculations start with the known ambient gas 

temperature. To, and a guessed room temperature. To, which differs from the given ambient 

value by 2%. These two gas temperatures and their difference are used to calculate all heat, 

mass and ventilation fluxes in the fire enclosure and also the cortesponding temperamre 

rise of ftiel and walls. Then, the guessed gas temperature is cortected by the newly obtained 

value. This process is repeated until convergence. The convergence criterion is for two 

consecutive iterations to differ by less than 0.01%. The time step. At, is recommended to be 

0.02 min. The initial value of At is an input to the program, and it is defined by the user. If 

convergence is achieved before 100 iterations within a time step. At is doubled. The basic 

equations forming the zone model, and consequently, the contents of the flowchart 

elements in Figure 6.1, are discussed further below. 
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• Compartment ventilation 

The calculation for fire growth begins with the ventilation rate, ma, which represents the 

fire induced gas inflow to the room from the opening [134]: 

m = J V 2 7 C O P G O ^ O V ^ [1 
T T 
^ ] [ z : ^ ] 

0.5 

1 -
H 

1.5 

(6.1) 

where g is the gravitational constant, Co is the discharge coefficient for the compartment 

opening, poo is the gas density at ambient conditions, Ao and Ho are the area and total height 

of the opening, respectively, n is the height of the neutral plane [144], or interface between 

hot and cold gas layers. In this one zone model, it is assumed to be 0.5Ho (halfway up the 

compartment opening) [134]. Fis an empirical flow cortection factor [134, 144]. 

• Mass loss and buming rate 

The NRCC-VUT FGM is one of few models that correlates the buming rate of fuel, Rg, 

with bum room conditions [134]. Expressing the mass loss flux of fuel, m" [kg/(sm^)] for 

flaming fires as a function of radiation feedback to the fuel, the following general heat 

balance equation can be written [58]: 

m " = {gF+'JE-^L)^^v 
(6.2) 

where qp is the heat flux from flame to fuel surface, which is sti-ongly dependent on the 

oxygen concentration in the surtounding air. qE is the total extemal radiant heat from 

extemal sources, such as hot gas layer and walls, qt is the total heat loss. The difference (qg 

- qt) is the net heat flux delivered to the fuel surface by the compartment enclosure. AHy is 

the latent heat of fuel vapourisation (for liquids) or gasification (for solids). It is also 

referted as the heat required to produce volatiles for polymeric materials in [58]. In the 

NRCC and NRCC-VUT models, the net flux or the heat feedback to the fuel, qr, is 

expressed as follows [144]: 

qr = qE-qL= o[^G^ + (1 - ^) Tw/ - Ts ] (6.3) 
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where e is the gas emissivity. To, Twi and Ts, are the gas, inner wall and fuel surface 

temperatures in a room, respectively. The rise of qr is limited by the minimum heat flux 

needed for ignition, qoig (13 kW/m^ in the NRCC-VUT FGM). To avoid negative heat 

fluxes at the beginning of the fire, the surface temperamre of fuel is assumed to be tied to 

TG in the model. 

The maximum (ideal) buming rate, mid = qp/AH^, is the rate of buming of material if all 

heat losses are exactly compensated by an imposed heat flux, qE= qt [58]. Hence, Equation 

(6.2) can be re-written as follows: 

m" = mid + (qE-qi^)l AHy (^•'*) 

fy 

mid [kg/(sm )], AHv and other thermal properties for some typical furniture materials can be 

found in the Table 1 of [134]. For PU, wood and PMMA (polymethylmethacrylate), the 

values of mid [kg/(sm^)] and 2lHv(MJ/kg), are, PU: 0.045 and 2.08; wood: 0.013 and 1.82; 

and PMMA: 0.024 and 1.63. 

• Mass conservation for oxygen 

qp in Equation (6.2) is a hnear function of oxygen mass concentration, Y02, for flaming 

fires [58]. The complete relationship for fuel mass loss rate in kg/s, RML, can be written as 

follows [134]: 

RML = m"Ay = (m ^̂  Yo2i/0.23 + Ar)Ay (6.5) 

where Yoai is the mass fraction of O2 in die bum room before combustion; Ay is the 

buming area. Ar = q/AHv, and it is called the enhancement of mass loss due to heat re-

radiation to the ftiel. qr is the net heat flux to the fuel surface (qr = qE - qO as given in 

Equation (6.3). The ignited area of the fuel is a variable. It is calculated as a function of 

time and flame spread velocity, V/, until it reaches the specified maximum buming radius: 

Ay = 7C [(Ay0/7C)°-̂  + S Vfdt]^ AyO < Ay < Ay„^ ^^ ̂ ^ 
(6.6) 
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where Ayo is the initial buming area, i.e. the ignited area, specified as the initial buming 

radius by the user (Input 20 in the Sample Input Data File #1, Appendix C). A non-zero 

value of Avo initiates fire growth in the NRCC-VUT FGM. Aymax is the maximum possible 

buming area defined by the user as the equivalent fuel radius (Input 13 in Appendix C). 

This radius depends on fuel geometry and size, and it can be cortected within certain limits 

to fit the experimental data on buming rate [146]. 

Flame spread velocity, Vf, is, in mm, a function of radiated heat flux, qr, and oxygen mass 

concentration, Y02 [144,146]. 

V, = 
f V - V '°^ 

" 1 ^ 0 2 •' O 2 cm 

^ (b - cf f [ d J for Y02 > Yo2cnt 
^ ^ ^ ^ (6.7) 

V / = 0 . 0 for Yo2<Yo2cnt 

where a, b and d are empirical constants defined by the user. Yo2cnt relates to die critical 

value of oxygen mass concentration below which the fire will be extinguished under any 

level of the extemal heat flux. Yo2crit is taken conservatively as 10% in the NRCC-VUT 

FGM. The constant b cortesponds to the minimum ignition heat flux, qoig. To avoid infinite 

values of Yf for heat flux equal qoi^, the maximum flame speed is limited to 0.01 m/s [134]. 

Combustion efficiency, p., is used to account for the ability of fresh oxygen to reach fuel 

vapours. Then, the real buming rate of fuel, RB, is related to the mass loss rate, RML, 

through this coefficient as follows: 

RB = pRuL (6.8) 

where RML is calculated from Equation (6.5) and p is determined as follows [134]: 

P^Po <lxl (6.9) 

p = Po^tp (P>1 
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Here, po is the experimentally determined maximum efficiency for the fuel (about 0.9 for 

PU); <p is the compartment equivalence ratio, i.e. the mass ratio of the fuel vapour to oxygen 

present in the compartment, normalized by the stoichiometric oxygen to fuel ratio, f. 

^ = 0-23 r[Y,,^, p^V + / ? ^ , A r ] 
yooiPcV + 0 .23 m^At (6.10) 

where V is the compartment volume and YQFUE and YOO2F are the mass fractions of 

vaporized fuel and oxygen, respectively, ma is defined in Equation (6.1). 

The variable ^ considers all the fuel vapour and oxygen that will enter the compartment 

during a given time period. At. Values of (p <1 apply to the cases when oxygen is in excess, 

and buming is fuel-controlled. Values of ^ 7 are for ventilation controlled cases, where the 

oxygen supply is a hmiting factor [134]. 

• Species concentrations 

According to the NRCC-VUT FGM, the species under consideration are oxygen, the 

product gases CO and CO2, and unbumed fuel vapour. The concentrations of species are 

calculated based on the assumption of the quasi-steady state at each time step, when 

suitable average values are used. The compartment is treated as a well-stirted reactor that is 

filled at the beginning of each time step and emptied to its initial volume at the end of each 

time step [134]. The concentrations of species, therefore, are calculated in relation to the 

total mass of gas in the compartment over the given time step. 

The simplified expressions for species concentrations at the current time step can be written 

as follows: 

Y02 = Mo2/Mtot; YpRo = MpRc/Mtou YpuE = MpuE/M,ot (6.11) 

where Y02, YPRO, and YpuE represent the concentrations of oxygen, product gases and fuel 

vapour over the curtent time step, respectively. M02, MPRO, MPUE are the total masses of 

oxygen, product gases and unbumt fuel vapour, respectively, contained in the whole 
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compartment during the current time step. The following mass conservation condition must 

be fulfilled: 

M,ot = Mo2 + MpRo + MpvE and hence, Y02 -^ YRRQ + Ypup = 1.0. (6.12) 

Each mass is calculated as the sum of the mass of a particular gas which is already in the 

compartment, i.e. coming from the previous time step, and the mass injected over the 

curtent time step into the compartment. 

M02 = PGV Y^o2 + 0.23(Ma - RMLPT^ At (6.13) 

Here, Y^o2 represents the oxygen mass fraction at the end of the previous time step. The 

second term on the right represents the "true" oxygen concentration calculated as the 

difference between the oxygen injection (0.23ma) and oxygen consumption (RMLPT) rates 

over the curtent time step. Before combustion, this second term consists only of one 

component, namely, 0.23maAt, while RML is equal to zero. 

According to [134], when the oxygen concentration drops below 16%, an asymptotic 

scheme to calculate oxygen depletion is applied instead of Equations (6.10) and (6.13): 

yo2 = 0.10 -h 0.06 exp[ki6(t-ti6)l0.06] (6.14) 

where t]6 is the time when oxygen concentration reaches 16%, and kj6 = dYo2i/dt at tj6. The 

maximum drop allowed in oxygen concentration is 6%. This value represents the difference 

between two thresholds, 16% and 10%. The former cortesponds to the transition point from 

normal buming to buming under reduced oxygen (suffocation), and the latter cortesponds 

to extinguishment. 

The presence of a forced ventilation system is accounted for in the total gas flow rate. Ma-

Ma represents the sum of fire induced gas inflow, ma, and any other air supply or remm 

rates, m^en,. The condition defined in the NRCC-VUT FGM is as follows: 

Ma = ma+myenf (6.15) 
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Similarly, the mass of product gases is calculated as follows: 

MpRo= PGV Y^PRO + (l+0.23y)RMLP /^ (6.16) 

where the first term on the right side is the product gas mass from the previous time step, 

and the second term contains both oxygen and fuel mass forming the product gases. 

The unbumed fuel mass is calculated in the same manner as the available oxygen in 

Equation (6.13): 

MpuE = pcV YpuE + RML(l-M)At (6.17) 

where Y^PUE represents the concentration of ftiel vapor contained previously in the 

compartment and (l-p) denotes the unbumed fraction of fuel vapor produced over the time 

period At. 

Mtot is the total mass of all gases filhng the compartment over the given time step, as 

defined in Equation (6.12). Mtot is calculated as the sum of Equations (6.13), (6.16) and 

(6.17), resulting in Equation (6.18): 

Mtot = PoV + (0.23Ma + RML) ^ (6.18) 

where the first term, poV, is the mass of gas already in the compartment, and the second 

term, (0.23M<3 + RML) At, cortesponds to the mass of gas entering the compartment over the 

curtent time step. At. 

The mass flow rates in and out of the room satisfy the following mass conservation 

condition over a time step: 

^a + f^asupply + RML = maretum + "^out +^v(?m (6.19) 
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where mout is fire induced gas outflow from the opening defined as follows: 

niout = ma + RML (6.20) 

and mveni is the difference between supply and retum air mass fiow rates: 

^vent ~ f^asupply ' maretum. 

• Energy balance 

From an energy conservation point of view, if the material is buming in an enclosed fire, 

then, heat flux to the fuel is generated from its buming. Buming, on the odier hand, is 

govemed by irtadiation from the hot layer to the fuel, determined by the gas temperamre, 

TQ. TG is calculated based on the heat balance between the fuel and the hot layer, as 

presented below. 

The rate at which the fuel produces heat to the compartment (or heat release rate, HRR) is 

calculated from the following equations [58, 134, 144]: 

Qc = AHCPRML (fuel controlled fire) (6.21a) 

Qc = AHcpma (ventilation controlled fire) (6.21b) 

where AHc is the heat of combustion per unit mass of fuel bumed, and RML and p are 

defined in Equations (6.5) and (6.9), respectively, m̂  is the air ventilation rate in kg/s given 

in Equation (6.1). The switch between Equations (6.21a) and (6.21b) is specified in detail 

by Drysdale [58, p311]. 

If a compartment is treated as a well-mixed combustor or one zone, then an average room 

temperature Tccan be obtained from the single transient energy balance equation [134]: 

CpPGVATG/At= QC-QL (6.22) 

where Cp and pa are the specific heat and density of room air, respectively, at 20°C. t is 

time, and V is the compartment volume. On the right hand side, Qc is the rate of heat 

released in the fire, and it represents the energy gained by the compartment air. QL is the 
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rate of heat loss from the compartment to the boundaries by radiation and convection. QL 

includes heat losses through the compartment walls, gn-, through the openings by 

convection, Qy, and by radiation, Qo, and to the fiiel by radiation, Qr, leading to fuel heat-up 

and pyrolysis: 

QL=Qy. + Qv + Qo + Qr (6.23) 

Gas temperature rise, ATc, during time step. At, obtained from Equation (6.22) provides a 

new gas temperamre to calculate the net heat flux in Equation (6.3) and the corresponding 

buming rate using Equations (6.5) to (6.8). This iterative process is repeated for each time 

step until convergence is reached. As stated before, the convergence criterion is 0.01% or 

less variation in the predicted gas temperature for the curtent time step, Tc- At the 

beginning of each time step, the value of Tc is that calculated at the end of the previous 

time interval. The default time step of 0.02 min [144] is used in the present calculations. 

• Heat loss through the compartment walls and to fuel surface 

The conduction heat transfer is calculated through the wall boundaries by using one-

dimensional transient conduction model. All walls are considered to be of the same 

thickness and thermal properties. The wall temperature needed in Equation (6.3) is 

determined by solving the following equation: 

dJ\^^ k^ d ^T 0<x<Lw, t > 0 (6.24) 
dt p yy C ^ dx^ 

where T^ is the wall temperature; x is the axis perpendicular to the wall surface; Lw is the 

wall thickness; k^,, pw and C^ are the wall conductivity, density and specific heat, 

respectively. At t = 0, T^ix.O) has the ambient temperamre value, TQ. The boundary 

conditions on intemal surfaces are specified through the radiative and convective heat 

fluxes coming from the room: 

0<x<Lw, t = 0, T^=To 

X = 0 (inside surface), -ky,dTy/dx = htiTc - T^O.t)) + qr (6.25) 

X = Lw (outside surface), T^L,t) = To 
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qr is the net radiation heat flux received by the inside walls, /i, is the convection heat 

ti-ansfer coefficient on inside walls. Equation (6.24) is solved numerically using an exphcit 

finite difference scheme by dividing the wall into a number of elements specified by die 

user (Input 18 in Appendix C). The resulting temperamre history at die inside wall, Tw(0,t) 

is of interest. 

The equations and boundary conditions for obtaining the fuel surface temperamre, Ts, in 

Equation (6.3), before water application, are similar to the set of Equations (6.24) and 

(6.25), as indicated in Chapter 5. The only difference is diat instead of wall properties, 

those of the fuel are used. 

• Fire decay and extinguishment 

Buming enters the decay phase in the program when either the oxygen concentration or fuel 

mass drops below its critical value. In terms of oxygen concentration, the limiting condition 

defined in Equation (6.7) is used. If the oxygen concentration falls below 10%, the flame 

speed becomes zero, and fire stops. 

The fuel mass degradation, FM, is calculated in the program at each time step. At: 

FM""^ = FM°'''-/?BZlr 

where RB is calculated using Equation (6.8). The decay process under sufficient oxygen 

concentration starts due to fuel degradation when the fuel mass drops below its critical 

value. The critical fuel mass is an empirical value which is considered to be 20% of the 

total initial fuel mass [146]. The decay buming rate is modelled then by an exponential 

function of time, only: RB = A^')-

6.2.2 Sprinkler submodel 

The present spray cooling model has been incorporated as a new module or submodel into 

the source code of the NRCC-VUT FGM. Prior to combining with this zone model, the 

submodel was used to calculate spray performance in hot gas for validation purposes [109, 

139]. The computational scheme and gas-droplet interaction equations, when used within 
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the zone model, are similar to those described in the 'Particle-Source-in-Cell' method [59]. 

Gas and droplet governing equations are solved separately and then combined by means of 

the source terms. As indicated earlier, the addition of spray cooling follows the sprinkler 

activation time. Below, a description is given of how the submodel. Subroutine SHAR, 

works in combination with the NRCC-VUT FGM. 

• Sprinkler Activation Time 

The new submodel starts after a heat detector is activated. A glass bulb detector is 

considered. It is specified by the "glass bulb temperamre", i.e. the boiling temperature of 

bulb liquid, at which the sprinkler is activated, Tbuib (Input 44 in Appendix C). In addition, 

the sprinkler Response Time Index, RTI (m'^^s'^), is specified (Input 46 in Appendix C). 

The time of sprinkler automatic heat detector activation, tAcr, is calculated based on ceiling 

jet equations. The ceihng jet is modelled using the following equations [114]: 

UG = 0.96(Qc/Hdet)°^^ Rdet/Hdet < 0.15 (6-26) 

U G = 0 . 1 9 5 ( Q c ° " Hdet°^Rdet^^^) Rdet/Hdet > 0 .15 

where UG is the ceiling jet velocity in m/s; Qc is the fire HRR in kW from Equation (6.21). 

The height Hdet is taken to be the difference between the ceiling height and half of the door 

height in the model, and Rdet is the detector radial position from the fire source in m. R<iet is 

defined by the user through the input file (Input 45 in Appendix C). 

The temperature rise under the ceiling, ATdet, and heat detector's temperature, Tdet, are 

calculated by the following scheme: 

ATdet = At (To-Tdeto) (VUG) / RTI 
(6.27) 

Tdet = TdetO + ATdet 

TdetO = Tdet 
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where TG is the gas temperamre^ at the current time step, Tdeto is the initial detector 

temperature taken as the ambient gas temperamre. To, at the first time step. Equations 

(6.26) and (6.27) are solved at each time step to obtain Tdet which is compared with the 

given Tbuib to detect the activation time, tAcr- When Tdet ^ Tbuib, tAcr takes die value of die 

curtent time. 

• Spinkler heat absorption calculation 

There are two types of suppression calculations presented here. The first is the calculation 

of gas cooling only, assuming that there is no interaction between water spray and ftiel 

surface. The second type is fire suppression calculation due to direct water impact on top 

of fuel surface with and without gas cooling. These calculations are explained next. 

In the first type of calculations, the sprinkler submodel uses as input parameters room gas 

temperature and gas velocity at the moment of activation. It retums to the main program 

sprinkler heat absorption and evaporation rates together with droplet average residence time 

at each gas solver time step. 

Following the approach used in [64], the gas solver time step after sprinkler activation 

changes to the droplet residence (or traverse) time which is usually shorter than the initial 

gas solver time step. In this study, a sprinkler with a given discharge rate is characterised by 

droplets of uniform diameter and initial velocity (magnimde and angle), as indicated in 

Chapter 3. Droplet trajectories in the hot layer are considered first to obtain the droplet 

residence times. In the NRCC-VUT FGM, the hot layer depth is assumed to be half of the 

doorway height [134], as described in the previous section. Gas velocity is calculated based 

on gas outflow using Equation (6.20) and hot layer cross-sectional area. According to the 

classification given in Chapter 3, the sprinkler location is taken as Location 1. 

^ The use of the average gas temperature in heat detector submodel may overestimate the sprinkler activation 
time. More accurate prediction of activation time should be based on the ceiling jet temperature [69], or at 
least, on the hot layer temperature higher than room average temperature. 
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Based on the residence time and cortesponding total interface area, die heat absorption rate, 

Qabs, imposed by the spray is calculated. Then, substittiting die heat absorption rate as an 

additional heat loss term into the compartment energy balance. Equation (6.23), a new gas 

average temperamre is calculated by the zone model: 

QL = Qy. + Qv + Qo+ Qr+ Qabs (6 .28) 

I 

The details of Qabs calculations are presented in Chapters 3 and 4 of this thesis. 

The droplet evaporation in hot gas and consequently, oxygen dilution by steam production 

is also accounted for. The droplet mass evaporation rate, produced by the droplet 

submodel. Subroutine SHAR, is substituted as an additional concentration term into 

Equation (6.12). The following additions and changes to the species concentration 

equations. Equations (6.16) to (6.20), occur due to the new mass source term, Msteam-

Steam mass concentration is defined as: 

Y^eam = MsteanMtot (6 .29) 

where 

Msteam = PcV Y^steam + Rsteam ̂  (6 .30) 

where Y^steam represents the steam mass fraction at the end of the previous time step, Rsteam is 

droplet evaporation rate. It should be noted that since air is the dominant component in a 

room. Equation (6.30) is written with the assumption that gas mixture density is equal to air 

density, pc. 

The total mass of all gases in the room, Mtot is changed to Equation (6.31) below, instead of 

Equation (6.18). 

Mtot = PGV + (Ma + RML+Rsteam) ^ (6-3 1) 

The contribution to Mtot due to steam production can lower the oxygen concentration, and 

hence, it may affect the buming rate. Mass balance is modified as follows, instead of 

Equation (6.12): 
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To2/ +YpRO + YvAP + Ysteam= 1 (6.32) 

Due to the comparatively low value of the total droplet evaporation rate in the range of gas 

temperatures and droplet diameters considered here, oxygen dilution due to steam 

production is estimated to be negligible in the present sttidy. On die other hand, at high 

temperamres, during post-flashover fire suppression, this term can be important if 

extinguishment is attempted prior to decay. Even in die extinguishment of post-flashover 

fires, if the spray activation time is close to decay conditions, then steam production 

contribution can still be neghgible. Once the fire mechanism switches to oxygen starvation, 

oxygen concentration depends on no other parameter but time, as in Equation (6.14). If the 

switch is to a fuel controlled regime, then the buming rate is govemed by the fuel decay 

rate. 

In the second type of calculations, fire suppression due to buming surface reduction by 

droplet coverage is considered. The key factor in these calculations is the coverage rate, 

which is the number of droplets per unit time per unit fuel surface area enveloped by the 

spray at floor level. This rate is similar to the sprinkler delivered density. The droplet total 

coverage area on top of the fuel surface is calculated and extracted from the total fuel 

surface area at each time step starting from sprinkler activation. Two assumptions are 

made in these calculations. First, each droplet covers a surface equal to the droplet cross-

sectional area. Secondly, droplets do not overlap as they reach the fuel surface. The 

following equations are solved by the program to account for the development of coverage 

area: 

Acov = Acovo + (/VaiAt) 

Ay = Ay - Acov, if Ay < 0, Ay =0 (6.33) 

where Acov is the area covered by the spray over time interval At; Acovo is the coverage area 

at the end of the previous time step; Ay is the buming area used in Equation (6.5). N 

cortesponds to the droplet number rate (s ) explained in Chapter 4. ai = 7cd 14, is the 

droplet cross sectional area cortesponding to the mean droplet diameter, d. It is further 

assumed in this smdy that as soon as the fuel is covered by water, there is no fuel left to 
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bum, and according to the fire development model, the fire begins to decay. As stated by 

Yu et aL [135], water depositing onto a buming surface will absorb heat from fuel surface 

until it is totally evaporated. In reality, however, the cooling effect of water is govemed by 

the difference between water discharge rate and surface evaporation rate. As shown in 

Chapter 5, under the conditions of constant water supply above the critical, the water 

discharge rate exceeds surface evaporation rate, and fuel is protected from ignition. 

The comparison between the two suppression mechanisms, gas cooling and fuel coverage, 

has shown the dominant effect of the latter, even for the values of water delivered density 

much below the standard levels required. These results are discussed next along with the 

experimental validation of the combined model. 

6.3 EXPERIMENTAL CONDITIONS FOR THE SPRINKLER TESTS 

The sprinkler tests described in this chapter were conducted in the Experimental Building-

Fire Facility (EBFF) of the Centre for Environmental Safety and Risk Engineering 

(CESARE). The facility is a four-storey full scale building. The bum room (5.4 m x 3.6 m 

X 2.4 m) was connected to a corridor with an open doorway (0.8 m x 2.03 m). Opposite to 

the doorway was a 2.4 m x 1.5 m standard three-pane window. Detailed description of the 

facihties can be found in [110, 143, 147]. Nine full-scale tests, eight sprinklered and one 

unsprinklered, were conducted as part of this program [143]. The fuel was polyurethane 

(PU) slabs and timber cribs. In order to imitate real furniture, the mass ratio of foam to 

timber was 1:5 providing a similar fuel composition to that of a chair without covering. In 

total, 64 pieces of 90 x 35 x 1000 mm pine and 8 slabs of 1000 x 1000 x 100 mm PU were 

used. The material was loaded into four equal one-meter square stacks in a 

wood/foam/wood/foam artangement. 

A mass loss platform of 2.32 m x 3.52 m located at die window end of die bum room was 

used throughout this series of experiments. The total load on the mass platform 

cortesponded to a wood mass equivalent fuel load of approximately 30kg/m [143]. The 

fuel was artanged in the south-west comer of the room adjacent to the window. A residence 

pendant sprinkler of glass-bulb temperatijre 68°C and K-factor, the coefficient 
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, : l /2 . proportionality between water flow rate and pressure, 3.9 gpm/psi was installed as shown 

in Figure 6.2. The sprinkler was installed in the centre of the bum room, 2.66 m from the 

wall, instead of a standard 1.5m. The sprinkler used for the experiments was a concealed 

fast response domestic glass bulb sprinkler that discharges water in a hemispherical pattem. 

This sprinkler has a nominal orifice size of 9.5 mm, and the water pressure varies from 48 

to 70 kPa. Gas spatial temperamre distribution was measured with two thermocouple racks 

comprising of a total 70 thermocouple beads. The voltage from these thermocouples was 

recorded with 2 s resolution. Measurements were also made of species concentrations in the 

middle of the bum room and the corridor, and air velocity at the doorway during all 

experiments. 

/ 
Sprinkle 

Thermocouple 
racks 

^ 

i^ 

N 

Figure 6.2. Layout of the bum room and locations of sprinkler, thermocouples and fuel in 
experiments. The opening on the right is the door, and the one on the left is the window. 
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6.4 RESULTS AlVD DISCUSSION 

In this section, the results are presented which simulate the full scale fire experiments 

without and with sprinklers in the same 5.4 m x 3.6 m x 2.4 m bum room in EBFF in 

CESARE, as described briefly in Section 6.3. The present computational results are 

compared with the results of these experiments and with the results from [138]. 

6.4.1 Non-sprinklered fire 

Prior to the sprinkler tests mentioned in Section 6.3, a series of experimental full scale 

fumiture tests had been conducted in the EBFF within the same bum room for an FCRC 

(Fire Code Reform Centre) project [110]. Some of the results for these tests were used for 

the verification of the NRCC - VUT FGM. The details of this verification in terms of 

different fire parameters, such as fire growth, decay rates, and species concentration are 

given in [148]. In the present smdy, one of the verification cases was repeated to check that 

the model was used cortectly, and that the input data was appropriate. For this purpose, the 

average room temperamre history was predicted for the full scale flashover fire described in 

[110] as Experiment F04 or Bum 5 in [147]. The initial fuel mass and fuel size, 

respectively, were taken as 232 kg and 100 cm x 30 cm (radius by thickness). 

In Figure 6.3, the predicted average gas room temperatijre is compared with the 

experimental one. This comparison is similar to the comparison given in Figure 4.4 [146]. 

The input data file for the present prediction is given in Appendix C. The spatial average of 

measured gas temperatures is used for comparison with the calculated average room 

temperature. As shown in Figure 6.3, the predicted temperature history follows the 

experimental behavior closely. 
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Fgure 6.3. Comparison between the NRCC-VUT FGM prediction and spatially averaged 
experimental results for a full scale furniture burn. 

In [145], time-dependent heat release rate, HRR, and average room temperamre were 

chosen to characterize the development of fire. The predicted effect of sprinkler interaction 

either with hot room gases alone or with fuel surface and hot gas, is discussed next in terms 

of these characteristics. 

6.4.2 Sprinldered Fire: Gas Cooling 

The effect of different spray parameters on overall gas cooling is shown next. Prior to 

variation of such determining spray parameters as droplet diameter and discharge rate, 

effect of relative fire-nozzle locations is discussed first. In Figure 6.4 the time-temperamre 

histories are plotted for each of three possible locations described in Chapter 3. The results 

for 0.3 and 0.7mm sprays are given in Figure 6.4a and b, respectively. Gas velocity is 

taken 2m/s. This can be only applied for early activated sprinklers, when fire at the 

moment of activation does not exceed 4MW. For larger fires and later activation times 

another droplet and gas velocity ranges should be studied. 
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Figure 6.4. Comparison of temperature histories predicted presents for three possible fire-spray 
nozzle locations (Chapter 3). I - Location 1,2- Location 2,3- Location 3: a) 0.3mm spray; b) 0.7 
mm spray. Water discharge rate 45 l/min. 

According to Figure 3.2, the effect of relative location may be significant for stationary 

mounted mist nozzles (spray of 0.3mm). While locations 2 and 3 do not show any noticeable 

difference in terms of gas cooling (upper curve in Figure 6.4a), at location 1, this spray 

produces much better cooling effect (lower curve in Figure 6.4a). For 0.7mm spray, 
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location effect is not as significant as for smaller droplets. For droplets larger dian 0.7mm at 

specified 2 m/s gas velocity, choice of location does not affect on gas coohng. For furdier 

predictions, only Location 2 is discussed as the most similar to experimental artangement. 

Figure 6.5 shows the predicted ti-ansient temperamre and heat release rate in die sprinklered 

compartment. The cortesponding non-sprinklered results are also given for comparison. 

For the calculations, the initial fuel mass was taken as 117 kg widi die same fuel size as in 

the non-sprinklered case. Fuel properties cortespond to the properties of PU foam. To 

characterize the spray, a wider range of mean droplet diameters was considered 

computationally that used in the experiments. The computational range of droplet diameters 

was from 0.3 to 2 mm. The experimental diameter range, based on die pressure range of 0.5 

to 1 MPa, was between 0.7 and 1.5 mm [143]. 

In Figure 6.5, the effects of window breakage, sprinkler intervention and droplet diameter 

on the average bum room temperature and HRR can be also seen. The upper curves, given 

by the dashed lines in Figure 6.5a and Figure 6.5b, show the effect of window breakage and 

additional cooling caused by this phenomenon due to fresh air entrainment. The initial 

temperature drop can be observed to occur at the window breakage point, 300°C in the 

present model. The cooling effect is counteracted by an increase in oxygen concentration 

in the enclosure, which causes a cortesponding increase in fire growth rate. As explained in 

[149], the non-sprinklered fire reaches flashover around 500°C, and then the fully 

developed stage starts with further temperature rise up to about 650°C. The HRR reaches 

less than 4 MW as seen in Figure 6.5, and then the fire decays. 

In Figure 6.5, the lowest curve, curve 2, cortesponds to the fire cooled by a fine water spray 

of droplet diameter 0.3 mm and indicates no window breakage. Thus, the first temporary 

temperature drop in this curve is caused by additional gas cooling due to sprinkler 

activation. In this case, the spray coohng effect is sufficient enough to control fire, i.e. to 

prevent ftirther fire growth to the window breakage point. In between the two extremes, the 

top and bottom most curves in Figure 6.5, there are three intermediate curves that indicate 

both sprinkler activation and window breakage occurtences. Initially, gas cooling due to 
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sprinkler activation, the first temporary temperamre drop, is not significant enough to 

reduce fire growth and prevent window breakage. The fire control occurs later, due to the 

dual cooling effect of additional air entrainment and sprinkler spray on fire growth. In the 

model, the reduction in fire growth rate is followed by the reduction in radiative feedback 

to the fuel caused by the reduction in the average room temperature due to effective 

cooling. The reduction in buming rate leads to a moderate oxygen consumption, slower 

temperature rise and much later suppression caused by either oxygen starvation, or fuel 

bumout. 

1500 2000 

2000 

Figure 6.5. a) Temperature profiles and b) HRR rates predicted for gas cooling by the 
sprinklers represented by different mean droplet diameters. 2 - 0.3mm; 3- 0.5mm; 4 -
0.7mm; 5 - Imm; 6 -1.5 mm 'Unsprinklered' case (curve I) for the flashover fire 
experiment is given for comparisoru 
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The curves corresponding to the fire cooled by a water spray of 1.5 mm droplets, curve 6, 

coincides with the non-sprinklered case, given by curve 1. As seen in Figure 6.5, widi 

smaller droplet diameters, higher cooling effect is obtained, while spray represented by 

large droplet diameter, 1.5 mm, is not effective at all in fire suppression due to gas coohng. 

In all sprinklered cases, water flow rate was kept the same at 45 1/min, providing a standard 

delivered density, DD, of 2.5 mm/min. The sprinkler RTI was 30 (ms)'^, similar to diat of 

experimental fast response residence sprinklers, which gave an activation time of about 180 

s. The close agreement in terms of sprinkler activation times once more underhnes the 

validity on NRCC-VUT FGM in predicting the domestic fires. 

In Figure 6.6, the effect of water discharge rate on gas cooling is shown. The spray 

diameter kept at 0.7 mm, and water flow rate was varied from 29 to 45 1/min in accordance 

with the experiment. Other conditions, are the same as those in Figure 6.5. The effect of 

gas cooling coupled with water direct application on top of ftiel is shown by the dotted hne, 

curve 4, located below the solid curves in Figure 6.5. It should be mentioned here briefly 

that if the location of residence large droplet sprinklers is such that they provide total fuel 

coverage, then the effect of fuel blockage by water plays a major role in fire 

extinguishment. From Figure 6.6, it is seen that gas cooling can control fire in terms of 

preventing or delaying flashover, while water impact extinguishes fire. 

The sensitivity of zone model predictions to compartment size is similar for unsprinklered 

and sprinklered fires with respect to the same parameter. In Figure 6.7, the effect of gas 

cooling is shown when identical sprinklers with the same discharge rate in compartments of 

different floor areas are simulated. For a small compartment, the temperamre rise is much 

quicker, and water spray cooling is not sufficient to prevent flashover, as indicated by the 

dotted line in Figure 6.7. For a larger compartment, the spray cooling effect becomes the 

determining parameter, and the chosen sprinkler prevents flashover. 
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Figure 6.6. Effect of water discharge rate on gas cooling (curves 1,2 and 3) and suppression due to 
direct water application (dotted line). Water discharge rates: 1- 29; 2- 38 arul 3- 45 l/min. 
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Figure 6.7. Predicted time-temperature curves for gas cooling by sprinkler with Ikg/s discharge 
rate, 0.7 mm mean droplet diameter, and RTI of 30 (ms)'^. Two curves correspond to the 
compartments of the same height (2.4m) and different floor areas. Window and door openings are 
the same in both cases. 
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6.4.3 Sprinklered fire: Fuel coverage. Prediction and comparison vnth experiments 

In the present study, it has been assumed that heat release rate is proportional to buming 

surface area, and fire growth curves for different fractions of fuel exposure (or fuel mass 

left for buming) were investigated. In NRCC-VUT FGM, as the critical fuel level (less than 

20% of initial mass) is achieved, the exponential decay process is initiated. In Figure 6.8, 

the time-temperature curves are plotted for the different fractions of fuel exposure (or fuel 

left uncovered) for identical sprinkler characteristics. The data are plotted together with 

one experimental curve, the dashed line is for comparison. It is expected that thefuel 

surface may not be totally covered by the water even when sprinklers provide total floor 

coverage. At this stage of the sensitivity analysis it has been assumed that 0.5% of fuel 

mass is still left for burning even though the outer fuel surface has been capmred the by 

spray envelope. It is obvious that fire extinguishment depends on the amount of fuel, or 

area left uncovered. According to the model (see Section 1.3.1), starting from 20% of 

unbumt fuel mass left with sufficient amount of oxygen present in the burn room, fire mms 

to decay stage. 

Prediction: fraction of fuel left: 
1-0. 2 - 0.005 5 - 0.05 

3-0.01 6-0.1 
4-0.025 7-0.25 
exoeriment (2.5nnm/min) 

200 400 600 800 1000 1200 

Time (s) 
1400 1600 1800 2000 

Figure 6.8. Time-temperature curves predicted for different fuel fractions exposed to water. In the 
model, the sprinkler is represented by 45 l/min flow rate (2.5 mm/min application rate), 1 mm mean 
droplet diameter and RTI=30(ms)'^- curves 1 to 7. 'The measured results are given by the dotted 
line corresponding to 2.5 mm/min sprinkler application rate. 
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In Figure 6., the computational and experimental results of fire extinguishment by different 

water application rates, from 2.5 to 0.6 mm/min, are given for comparison. In Figure 6.9, 

the fire decay time is under predicted due to the assumption of 99.5% ftiel exposure. The 

numerical results follow the experimental ti-end qualitatively. The diree calculated profiles 

given by the sohd lines in Figure 6.9 have distinct maxima. In all of diem, the higher die 

application rate, the less is the maximum temperamre rise, and the faster die temperamre 

decays. This trend is in agreement with experimental results given in the same figure by 

the dashed lines. From the predicted data given in Figure 6.9, it can also be seen diat die 

decay time becomes less sensitive to water discharge rate as the later increases. Similar 

trends and values of temperamre decay time in the extinguishment of a series of small scale 

PU fires can be found in the experimental data given by Yang et al.[29]. In tiieir work, the 

time of extinguishment has been measured against water flow rate for direct impingement 

of the fine sprinkler spray on top of buming fuel. Quantitatively, the decay rate in HRR is 

overestimated by the present model. 

Rn =30 (nrB)'"^/ppiication rate (rmYrrin): 
BperimBTt Preddicn: 

1-a5; 4-25; 
2-2; 5-15 
3-1.5; e-ae; 

_i_ 
200 400 600 800 1000 lax 

Time (°C) 
1400 1600 1800 aooo 

Figure 6.9. Time-temperature curves in flre extinguishment by the direct water application for the 
different sprinkler delivered densities. In the model initial fuel mass is 232 kg and sprinkler is 
represented by 1mm mean droplet diameter. Solid lines corresporui to predictions; dotted lines — to 
experimental data. 
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In Figure 6.10, the predicted effect of mean droplet diameter on fire extinguishment due to 

water impact is shown. It is apparent that for a given water discharge rate, the decay time is 

shorter for a spray with smaller mean droplet diameters. This conclusion was also 

confirmed by the experimental data given in [29]. It can be shown that rate of area coverage 

by droplets is inversely proportional to droplet diameter: the smaller the diameter, the faster 

is coverage, and the more effective is suppression according to the present model. 

2D0O 

time (s) 

Figure 6.10. Prediction time-temperature curves for 99.5% of fuel exposure at the time of 
sprinkler activation. The sprinkler is represented by Ikg/s discharge rate and RTI = 30 (ms) 

The effect of sprinkler RTI on extinguishment can be seen in Figure 6.11. For higher RTI 

values, since the temperatiire and HRR rise are higher at the moment of sprinkler 

activation, the total extinguishment takes a longer time. 

162 



(O
o) 

Te
m

pe
ra

tu
re

 

200 

ISO 

100 

50 

-

0 f i 1 1 1 1 
-200 0 200 

V 

\ 

1 1 

400 eoo 

sprinkler RTI in (ms) ' ' ^ : 
1 - 30; 
2 - 3 0 0 ; 

1 . 1 . 1 . 1 . 1 . 1 

800 1000 1200 1400 1600 1800 

Time (°C) 

_ 

; 

1 
2000 

Figure 6.11. Prediction of fire extinguishment for 99.5% fuel exposure by the sprinklers with 
different RTI indexes. The sprinkler flow rate is 45l/min (2.5mm/min application rate) arul mean 
droplet diameter is 1mm. 

6.5 WATER MIST IN SUPPRESSION OF PRE-FLASHOVER AND POST-FLASHOVER FIRES 

6.5.1 Fre-Flashover fire suppression 

The namre of interaction of water spray with a fire is such that the cooling effect becomes 

essential for finely divided water droplets capable of creating a large interface between 

water and gas (Chapter 4). Prediction of suppression of pre-flashover and post-flashover 

fires by water mists using NRCC-VUT FGM combined widi the present spray cooling 

model (SHAR) led to the results shown below. The pre-flashover fire has been modeled for 

the room size used in the CESARE experiments, even though die experimental data on the 

effect of pure gas cooling without water application are not available. 

The effect of water flow rate on gas cooling effectiveness during pre-flashover fire 

suppression has been studied while mean droplet diameter was kept the same. The results 

are plotted in Figure 6.12. In all cases, die sprinkler was activated 5 minutes after ignition. 

The room has the same size, 20 m^ area, and openings as it is shown in Figure 6.2. The 

spray was represented by one diameter shown at the top of each plot, and variation in water 

mass flow rates is indicated in the legends. To make a comparison, the same initial velocity 
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Figure 6.12. Sensitivity of gas room temperature to spray characteristics during gas cooling 
by water sprays. Droplet diameter used in calculations corresponds: a) 0.2mm; b) 0.3mm; c) 
0.5mm. Water flow rates are shown at the legends. Gas was assumed to be steady and droplet 
initial velocity was Im/s in all calculations. 
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(Im/s) of droplets was used in a steady gas flow. In Figure 6.12 (a), 0.2 mm water spray 

with water flow rates from 80 1/min (1.33 kg/s) to 0.25 kg/s demonstrates a high cooling 

capacity. During the 30 min fire, room temperamre is kept below 300°C level that prevents 

window breakage and occurtence of flashover. This spray can also keep tenable 

conditions, gas temperature below 100°C, with flow rates down to 0.5 kg/s, and to control 

fire in all cases. 

In Figure 6.12b, the gas coohng capacity of 0.3mm spray is shown. In this case the spray 

effectiveness is much less than for 0.2mm spray. Thus, window breakage is prevented only 

by Ikg/s and higher rates. None of the rates is capable of preserving tenable (100°C) 

conditions for the duration of at least 15 minutes. However, all sprays control die fire, i.e. 

keep the room temperature at constant level. 

The 0.5mm spray, in Figure 6.12c, only delays the window breakage, but it can not stop it 

even though water flow rate is increased up to 2.5kg/s. However, the conditions during the 

first 30 minutes are still far below flashover, and the fire is conti-olled. 

6.5.2 Post-flashover fire suppression 

The nature of interaction of water spray with a fire is such that the cooling effect becomes 

essential for finely divided water droplets capable of creating a large interface between 

water and gas. According to NFPA classification, water sprays consisting of droplets with 

diameters less than 1mm can be considered as mists. Prediction of suppression of post-

flashover fires by water mists using NRCC-VUT FGM combined widi die present spray 

cooling model (SHAR) led to the results discussed below. Lack of measurements during 

Class A pre-flashover fire suppression by gas cooling mechanism only (shielded fire, for 

example) in CESARE tests, does not allow to provide quantitative comparison with NRCC-

VUT FGM predictions. However, the data available in the literamre for mist nozzles was 

for liquid pool heptane fires (4.5MW) in its post-flashover phase [13] were used for 

comparison. 
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The input file was changed to possibly meet the experimental conditions given in [13]. 

Thus, the room size was changed to 3.6x2.4x2.4 m^ with one opening, a door of 2x1 m^ 

area and no window. Since NRCC-VUT FGM has not been designed for predictions of die 

liquid pool fire development, its fire growth curve can not exactiy reflect the fire behavior 

described in [13]. Thus, the comparison between prediction and experiment can be 

considered only as quahtative. To make the prediction a littie more appropriate to 

experimental conditions, the sprinkler initiation in NRCC-VUT FGM cortesponding to die 

moment when the predicted time-temperature curve reached about 700°C, i.e. the 

temperature indicated in the experiments before the sprinkler activation. 

In Figure 6.13 the upper curve cortesponds to unsprinklered fire, while the three sohd-line 

lower curves cortespond to a fire cooled by 0.3, 0.35 and 0.5 mm water mists. Water flow 

rate of 80 1/min was used for both sprinklers, similar to the value used in the experiments 

[13]. The activation time was chosen as 10 min, when gas temperature was far above the 

flashover mming point of 600° [58]. The lowest labeled curve, which nearly coincides 

with the curve for 0.3 mm spray, cortesponds to the 0.25 mm spray. This case is plotted to 

confirm the conclusion obtained earlier (Section 4.4), namely, that there is a hmit in heat 

absorption which occurs at certain gas temperature for given droplet diameter. Thus, at 

discussed in Figure 6.13 gas temperamres for both 0.3 and 0.25 mm sprays achieve their 

limit and have the same effectiveness. 

In Figure 6.14, the effect of water flow rate is shown. The rate of gas cooling is 

proportional to water flow rate. The four curves in Figure 6.14 display full fire control 

indicated by the plateaus prior to the natural decay due to the fuel "bum-out". None of the 

sprays is capable of extinguishing the fire completely. 
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Figure 6.13. Prediction of post flashover fire suppression with spray of different droplet diameters. 
Gas temperature histories in RFO (2.4x3.5x2.4 m^) with (curves 2, 3, 4) and without (curve I) 
sprinkler intervention. Droplet diameters corresporui: 2- 0.3 mm; 3-0.35 mm, 4- 0.5 mm - 0.25 
mm. Water flow rate in all cases - 80 l/min (1.3 kg/s). 
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Figure 6.14. Prediction of post flashover flre suppression with sprays of different discharge rates 
and uniform 0.3 mm droplet diameter. The discharge rates are: I - 1.3, 2-1, 3 - 0.7 and 4 - 0.5 
kg/s. 
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Figure 6.15. Comparison of the predicted in the present work post-flashover flre suppression (a) 
with suppression experiments of Tuomissaari [13] in full scale flre (b). The figure (b) is taken 
directly from the origirml paper [13] and reflects the temperature measuremerus taken by two types 
of thermocouples (upper arul lower curves among the three decaying curves) as well as prediction 
(middle curve) using FD Model of Pieterzak et al. [48]. The water consumption rate is also plotted 
in the figure. 
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In Figure 6.15a and Figure 6.15b, the comparison between the present prediction and 

experiments described in [13] is shown. Figure 6.15a is a repetition of die curve for 0.3 

mm spray given in Figure 6.13, while Figure 6.15b is taken from [13] and reflects the 

experimental data in fire suppression by a similar spray. 

From a comparison of Figure 6.15a and Figure 6.15b, it is seen that the present results 

show longer extinguishment time, and therefore under-predict suppression. In [13], fire 

was completely extinguished in less than 1 minute, while in prediction for the similar 

0.3mm spray, fire only starts to decay after about 3.5 minutes. The possible reason for this 

discrepancy can be assigned to the specific conditions for the decay mode prescribed by 

NRCC-VUT FGM. The decay in the model actually starts as either fuel mass or oxygen 

concentration reach their critical value. 

6.6 CONCLUSIONS 
This study has explored the possibility of predicting fire suppression by combining a 

sprinkler heat transfer model with a compartment fire zone model. Based on the results 

obtained, the following conclusions can be drawn: 

1. The combined model allows the evaluation of the contribution of different mechanisms 

of extinguishment, such as gas cooling by water spray, oxygen displacement by steam 

due to spray evaporation and blockage of flame spread due to water direct impact on 

ftiel. 

2. The gas cooling mechanism was found to be sensitive to the droplet diameter of water 

spray. For a given water flow rate, the smaller die diameter, the higher is the heat 

absorption rate and the less is the risk of flashover occurtence. 

3. Direct water impact over the fuel was found to be the main extinguishment mechanism 

for residence sprinklers with large droplet diameter and flow rate relatively lower than 

standard flow rate. 

4. Extinguishment due to water impact is insensitive to water application rate and mean 

droplet diameter in a wide range of these parameters. However, it is sensitive to the 

percentage of fuel exposure to water. 
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5. Comparison with experiments has been done in terms of direct water impingement and 

gas cooling during fire. The comparison with water impingement experiments can be 

considered only as qualitatively reasonable. Further improvement of water-fuel 

interaction modelling with heat transfer effects are needed. 

6. The limited experimental data on gas coohng by mist sprays during liquid pool fire 

suppression were used for validation of model predictions. NRCC-VUT FGM has been 

successfully used to predict gas temperature and HRR histories before the nozzle 

activation, while temperature reduction histories after activation were different. The 

quantitative agreement has been achieved only for an immediate temperature drop after 

nozzle activation. 

7. All cases of fire development in this Chapter were studied in terms of fire sprinkler 

Location 1. The approaches used in this chapter can be further ^plied to the study of 

the effect of different locations on fire development. 
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7 CONCLUSIONS 

Within the current state of knowledge, there has been a definite lack of rehable models of 

fire extinguishment due to water spray intervention. This gap is partially closed by the 

present work. As developed here, a relatively simple zone-type model of fire suppression 

by water sprays, can help to realistically identify water sprinkler or nozzle effectiveness 

under specified fire conditions, while avoiding excessive worse case scenario designs. 

Hence, the present model can be used in performance based fire safety assessments. The 

model can also serve for effective choice of sprinkler/nozzle parameters and suppression 

tactics. To summarize how this model has been developed in the present thesis, the general 

conclusions of each chapter are listed next. 

The literature review in Chapter 2 describes approaches and results available from smdies 

of fire and sprinkler interaction. In this chapter, it was shown that to predict suppression 

accurately, fire development and spray parameters need to be intertelated. Through such 

models, sprinklers or mist nozzles thermal performance in fire can also be predicted. The 

more thorough works which describe fire suppression are mostly experimental, where fire 

characteristics, such as extinguishing time, fuel/gas temperature histories and wall 

temperature, are measured against spray parameters, namely, water discharge rate and 

droplet diameters. In some works, spray activation time and temperature are also reported. 

Experiments usually allow only one spray parameter, to be varied, such as spray discharge 

rate, while droplet diameters are presumed to be unchanged. There are few experimental 

works where the effects of change in more than one spray characteristic are measured and 

studied, yet these works do not provide generalisation and reliable formulas. The results 

and conclusions of experimental works can be applied only to similar types of fire, fuels, 

rooms, ventilation conditions and spray parameters. 

In terms of the prediction and modeling of fire suppression, there are two main categories 

in the literature. In the first category are the in-depth studies of spray heat transfer and 

droplet dynamics in a gas flow. Most of these studies do not have fire development and 

suppression models. In the second category are studies with models of fire suppression. 
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These are usually CFD-based, and they mostly model fire as a heat source in a ventilated 

enclosure, although combustion models also exist. In these models, especially if diey are 

not based on commercial software, but prepared as in-house program codes, sprays are 

represented poorly, usually as heat sinks without the necessary details of droplet dynamics. 

Fire extinguishment is not usually modeled by CFD, and spray effectiveness is judged by 

the pre-established gas temperature level drop. 

In Chapters 3 to 5, the behavior of single droplets and water sprays is examined in two 

scenarios in order to determine the optimal thermal performance of sprays. Firstly, the 

interaction with fire induced gas flow is studied in Chapters 3 and 4. Secondly, the 

interaction with hot fuel surface is examined in Chapter 5. The complex transient process of 

fire suppression, with both gas cooling and fuel coverage, is presented in Chapter 6. For 

this purpose, the present model has been combined with a zone model. This combination is 

capable of simulating gas-droplet and fuel-droplet interactions to predict suppression. 

Hence, the combined code is an engineering tool that can be used to investigate fire 

behavior with possible modifications of spray characteristics and nozzle location, in 

addition to the relevant zone model parameters, such as the room size, heat release rate (or 

fuel size) and ventilation conditions. The conclusions of Chapters 3 to 6 are summarized 

next. 

The numerical model of droplet motion under gravity and drag forces were discussed in 

detail in Chapter 3. The conclusions of this chapter can be summarized as follows: 

> Three types of possible fire-sprinkler locations are specified, and spray dynamics is 

calculated in terms of these locations. The three locations cover the following 

cases: Case 1: Spray activation in a horizontal, slowly moving fire hot layer 

(Location 1); Case 2: Intermediate location in a plume turning point (Location 2); 

and Case 3: Activation just above fire, in uprising fire plume (Location 3). 

> The effects of different gas velocity profiles generated by fire on spray behaviour 

are modelled. At Location 1, based on die available information in tiie literamre, 

horizontal gas flow is characterised by two profiles: uniform and tiiangular. The 

comparison of the effects of these profiles has been done in terms of droplet 
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residence times. At this location, it has been shown that the gas velocity magnitude 

is more important in spray dynamics than die type of velocity distiibution. At 

Location 3, an uprising fire plume is modeled by two types of gas velocity 

distributions: uniform and Gaussian, with characteristic centreline velocity related 

to heat release rate. At this location, similar to Location 1, the gas velocity 

magnitude has shown to play a major role in droplet penetration. In addition, the 

velocity distribution has been found to alter the effectiveness of die spray cone 

angle. 

> The spray capability to penetrate through uprising gas flow, representing the fire 

plume, is calculated in terms of different droplet diameters. If the terminal droplet 

velocity exceeds the uprising gas velocity, then the droplets are capable of 

penetrating the plume. For example, to penetrate a 2m/s uprising uniform gas flow, 

the droplets of no less than 650 pm in diameter are needed. For larger diameters, 

terminal velocities are higher, and for the smaller ones, they are lower. Initial 

conditions affect only the distance at which this terminal velocity is estabhshed. 

> Droplet residence time, e.g. the duration of droplets' flight through coohng area of 

study, is considered as the main output of droplet dynamics that affects whole spray 

heat absorption capacity. It is shown that this time defines a spray number density, 

i.e. the total number of droplets that is permanently available in a given control 

volume. 

> Spray droplet residence times for different droplet diameters and locations are 

plotted in terms of initial angles, showing the effect of spray angle. At horizontal 

gas flow (Location 1), spray discharge angle does not have as significant an effect 

on spray dynamics as it has in a vertical gas flow (Location 3). In a horizontal gas 

flow, droplets at the spray periphery have sUghtly longer residence times in 

comparison with the central part. In an updraft flow, large droplets stay much longer 

at the spray periphery than at the centre, while small droplets are simply diverted to 

the ceiling with shortest times at the periphery, and longest at the centre. 

> The effects of initial angles for 0.3mm sprays in co-curtent versus counter-curtent 

gas flows are also compared. A 90° spray is preferable in a co-current flow directed 
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upward, while a 60° spray is more appropriate in a counter-current flow (Location 

3). These results are supported with experimental evidence. 

> The main validation of the present numerical results in droplet dynamics is based on 

comparison with experimental values of spray Acmal Delivered Density (ADD) 

distribution. ADD is seen as a cumulative result of droplet trajectories and gas and 

droplet velocity distributions. A close agreement between numerical results and 

experimental data has been obtained for this parameter. For diis purpose. Early 

Suppression Fast Response (ESFR) sprinklers are studied. 

> CFD modelhng is used to evaluate the effect of two-way coupling and gas 

turbulence on droplet dynamics. For diis purpose, a commercial code, namely 

CFX4, is used. The present model takes into full account of the effect of gas flow on 

droplet trajectories. Hence, one way coupling is used. To determine tiie effect of this 

simplification, the trajectories obtained with the present model in a horizontal 

smoke layer are compared with those obtained using CFX4. CFX4 has an imbedded 

droplet motion equation, similar to the present model, and takes into account two-

way coupling and gas turbulence. The mrbulence intensity was about 0.3 to 0.5% in 

the calculations This comparison has pointed out that no appreciable effect could be 

determined coming either from two-way coupling or gas mrbulence. 

Analytical models have been developed to calculate heat transfer between water sprays and 

the hot gas fire environment at different regimes of gas and droplet movement as presented 

in Chapter 4. The smdy is conditionally divided into two cases: heat transfer at ordinary 

spray activation gas temperatures, of about 200°C or less, with practically non-evaporating 

droplets; and heat transfer under very high gas temperature conditions (600°C and more) 

that imply high droplet evaporation rates up to full droplet disappearance. 

For ordinary sprays activated at nominal gas temperatures (below 200°C) the conclusions 

are summarised below: 

> The original premise, developed in 60's, on the existence of spray optimal 

droplet diameter in heat absorption is numerically confirmed and explained 

based on droplet dynamics in fire-induced uprising gas flow. The predicted 
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values are in good qualitative and quantitative comparison widi limited 

experimental data. 

> The radiation absorption rate was shown to be too low in comparison with gas 

convective coohng. 

> Convective heat transferted to droplets, is mostly used for rising droplet 

temperatiire, only a small part of it is utihsed for evaporation (as shown in 

Figure 4.1). Droplet evaporation rate does not exceed 4-4.5% of the total 

discharge rate even for the spray smallest droplets. 

For mist sprays activated at high gas temperatures (above 400°C) the conclusions are 

summarised below: 

> Evaporation of water droplets becomes a decisive mechanism in gas coohng 

under high (about flashover) gas temperamre conditions, when immersed 

droplets quickly attain an equihbrium steady temperamre. This phenomenon is 

numerically predicted, and the dominating effect of droplet diameter in 

comparison with spray discharge rate on spray heat absorption capabihty is 

shown. 

> The objective is to reduce average compartment temperature below the 

hazardous level due to heat absorption by spray during fire suppression. 

However, large rate of spray evaporation in the hot layer may hinder its 

penetration capability and sufficient amounts of water will not be delivered into 

the flame or other zones of fire. Therefore, mist thermal performance is 

calculated together with evaporating droplet dynamics in order to predict the 

penetration depth until droplet crosses through the hot layer. For example, to 

penetrate through Im at 1200°C compartment temperamre, droplets no less than 

0.4mm are needed, while to penetrate 0.6m - 0.3mm droplets would be enough 

> The heat absorption rate distribution within the spray cone is quite uniform 

below the distance from nozzle to about 5-7% of the hot layer depth. The 

droplet ti-ajectories nearly fill uniformly the whole compartment space in this 

area. At the spray cone head within 5 cm downwards, heat absorption rate has 
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its peak and concentrated only in a small volume occupied by the spray in this 

close-to nozzle proximity. 

Chapter 5 presents a one dimensional transient conduction model inside a hot solid fuel 

slab covered by water spray and subjected to fire environment to the incident radiative heat 

flux. The properties of fiiel and spray characteristics are intertelated and results are plotted 

in terms of fuel surface temperamre histories before and after water application. Two main 

ideas have to be accounted for when surface cooling is modelled: 

> The heat absorption rate, or cooling regime provided by water sprayed on top of 

fuel surface, depends on surface "superheat", e.g. fuel temperamre rise above 

bulk water temperature. The form of heat transfer (regime) changes as 

fuel/water temperamre difference changes below or above a certain value. 

> A critical water flux, e.g. minimum water apphcation rate needed for 

exinguishment, is shown to be a linear function of extemal radiant heat flux with 

a slope depending on fuel properties. 

The prediction of fire suppression by combining a spray heat transfer model with a 

compartment fire one-zone model (namely, NRCC FGM) is presented in Chapter 6. One-

zone model, originally developed in Canada and then extended in VU, Australia, consists of 

a number of independent modules (subroutines) which quantify phenomena in fire. Based 

on the solution of intertelated mass and energy conservation equations, a core model (main 

program) produces temperamre, HRR, species and fuel mass histories by taking as input a 

specified initial ignition heat flux applied to given initial fuel mass. 

The new module developed here is used as an additional sub-routine needed for evaluation 

of water spray impact, and consequently fire development during extinguishment or 

suppression. The combined model was then used to predict the additional gas cooling due 

to spray activation with accounting for different spray parameters. Mist and sprinklers were 

studied. The phenomenon of spray fuel coverage has been also included. The main 

outcomes are summarised below: 
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> The water delivered density needed for fire extinguishment in the case of 

complete fiiel coverage by water is about 80% less than what is specified by fire 

safety standards values. The gas cooling mechanism is not as effective as fuel 

coverage and the standard delivered densities can not usually provide a sufficient 

safety level due to gas coohng. 

> Extinguishment due to water impact is insensitive to water application rate and 

mean droplet diameter in a wide range of these parameters. However, it is 

sensitive to the percentage of fuel exposure to water. It is shown that if 

percentage of uncovered area or subsequent fuel mass, exceeds the specified by 

the program critical level (20% of initial fuel mass in present smdy), a dangerous 

temperature rise can occur leading to flashover with sufficient amount of oxygen 

and fuel left 

> Comparison with large scale experiments in fire suppression due to direct water 

application on top of fuel showed a good qualitative agreement in terms of the 

effect of water delivered density. The quantitative agreement was not possible, 

since delivered densities in experiments could not be lowered to match those in 

the calculations. 

> The limited experimental data on gas cooling by mist sprays were used for 

validation of model predictions. Even though the experiments were based on 

liquid fuel fires, still NRCC-VUT FGM has been successfully used to predict gas 

temperatiire and HRR histories before the nozzle activation. The quantitative 

agreement has been achieved then for the immediate temperamre drop after spray 

activation, while die further temperature histories did not show a reasonable 

agreement. The full extinguishment time was considerably longer in model 

prediction than in experiments. 
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8 SUGGESTIONS FOR FUTURE WORK 

This thesis has considered the behaviour of single droplets of water in terms of heat, mass 

and momenmm transfer of its droplets with gases and solids within a residential room-fire 

environment, e.g. an environment represented by certain temperatures, gas velocities and 

boundaries. The principles of integration of the droplet submodel into a fire zone model 

have been developed, and then the combined zone model has been used to predict room 

temperature history and fire suppression for different room, spray and initial conditions. 

8.1 EXPANDING THE PRESENT S U B - M O D E L 

Further work towards prediction of fire suppression by water sprays, which is an extension 

of the presented approach, can be potentially expanded in four general directions: 

> Extend (or improve) the existing droplet submodel; 

> Expand the fire zone model; 

> Use the existing combined model to study the effects of external factors 

> Design and conduct the fire experiments using mists for extinguishment to verify 

the accuracy of prediction and validity of the combined zone model. 

A number of concrete recommendations in terms of suggested directions for further 

research is given below. 

8,1.1 Extend the existing droplet submodel 

> Account for the collision of droplets (both coagulation and break-down) within the 

spray and examine the effect it has on heat transfer and motion. The first thing to do 

is to specify the conditions of whether or not the sprays can be treated in terms of 

single droplet relationships (some criteria can be found in [63, 80]); if they cannot 

then find out ways of accounting for interactions. Indirectly this effect could be 

accounted for through the adjusted transport coefficients [80]. In addition, 

understanding of the collision phenomenon would help to model the effect of 

overlapping sprinkler sprays. 

178 



> Examine the effect of water impurity and droplet coating (mentioned in Chapter 4 

of the thesis) on heat transfer and motion and, as a result, on total room heat 

exchange and fire suppression. It may be interesting to estimate the fraction of 

coated droplets deposited on solid surfaces and, thus the risk of property damage in 

the compartment. Some works on coating are cited in [2] 

8.1.2 Expand the fire zone model 

> To include the fire plume and possibility of droplet discharge in this area. 

Separately, this phenomenon has been studied in Section 3.3.3 of this thesis, 

however, it has not been included into general fire zone model. 

> Include the ceiling jet (which already exists to produce a sprinkler activation time) 

to account for possible heat transfer between droplets and the jet. It would be 

interesting to check the suggestion of [20] about possible delay of activation of 

remote sprinkler heads due to cooling of the ceiling jet by the spay activated earlier 

on. 

> The effect of cooling of the ceiling jet can be also used to estimate the change in 

ventilation conditions. 

> It would be useful to study the effect of the ceiling/wall wetting on fire suppression, 

or at least to quantify it. It is usually considered that ceiling wetting is a positive for 

fire suppression phenomenon since it cools the ceiling and reduces radiation 

feedback to the fuel. 

> Develop or use some existing zone model, which has been verified for large 

compartment fires, combined with developed droplet submodel to investigate the 

effect of spatial distribution of sprinkler heads and include the effect of overlapping 

sprays on total heat transfer. 
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^ Using the presence and effect of window breakage factor in existing zone model 

and accountability of the droplets trajectories, it is possible to estimate the spay 

cooling effect by knowing the fraction and distribution of water which may reach 

the glass from inside. More likely, the small-scale or large-scale fire experiments 

with glass protection by water cooling will be needed. 

8.1.3 Use the existing combined model to study the effects of external factors 

> To investigate the effectiveness of nozzle geometry and pressure, since their 

specifications: droplet size, diameter distribution, cone angle and velocity, are the 

sensitive parameters of the combined zone model. 

8.1.4 Design and conduct the fire experiments using mists for extinguishment to 

verify the accuracy of gas cooling prediction and validity of the combined zone 

model 

> There appears to be a serious lack of experimental data on mist nozzles. Both small 

scale (even non-fire) and large scale experiments can be valid. 

> The mist nozzle characteristics should be known to extend to give a realistic spray 

parameters (droplet diameter distribution and flow rate). It would be good if a few 

different mist nozzles (even with the same nominal pressure) is studied to 

understand the sensitivity of fire suppression (or gas cooling) to droplet size 

distribution. 

> To ensure that prediction of fire suppression is valid, the fire conditions (room size, 

ventilation, etc.) should be similar to those which were used to verify the fire zone 

model which is in use. 

> The different stages of fire (at least one pre-flashover and one post-flashover) prior 

to nozzle activation should be studied in experiments. 
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8.2 NEW FIELD OF RESEARCH 

There is considerable scope to carty out research on the radiation between droplets 

themselves [63] and droplets and gas. It may include radiation absorption, scattering, 

diffusion or attenuation by water sprays of different droplet sizes (from fine mists to large 

droplets) and densities, in a room fire environment. Precise experiments would be needed 

to estimate the contribution of radiation heat exchange in total gas cooling by water sprays. 

When the fraction of heat absorbed due to radiative exchange is understood better, it can be 

then used again in existing combined fire-droplet model, especially for prediction of 

extinguishment in post-flashover fires. 

Radiation to wetted or coated by the water film solid surfaces (fuels or walls), which has 

been studied here theoretically could be studied experimentally to improve/extend the 

theory. The effect of surface quality and fuel type in this problem could be then understood 

better. 
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APPENDIX A 

Five basic zone models are compared in tabular form in Table 1 for enclosure fire on 
the basis of their: 

(a) applicability (number of enclosures, openings, etc.) 
(b) required inputs, and 
(c) outputs. 

Generally, zone models estimate changes to a building or space and its environment 

as the results of a fire in that stmcture. These models range from prediction of upper 

layer gas temperature in compartment fire to human response to the heat and toxic 

species produced. Many of models have been assembled into larger consolidated 

models and hazard assessment tools (for example, into HAZARD, ASET, etc.) [1]. 

Thus, all models can be conditionally divided to basic models which predict the time 

histories of the main fire parameters: burning rate, hot layer and wall temperatures, 

gas concentrations, etc; and extended basic models, which are based on one or another 

basic models and include various subroutines with the detectors activation times, 

untenable conditions' times, and as a result actual evacuation times (ASET). 

Table 1. Comparative table of 6 base zone models. 

Zone Model 
I 
FIRECALC 

Applicability 
n 
One-Room Hot 
Layer Model 

Opening into 
unconstrained 
outer space 
(ceiling 
ventilation, for 
example) 

Input Parameters 
m 
Ceiling height 
Room area 
Height and width of room 
opening 
Height of the opening above the 
floor level 
Height of the fire source above 
the floor 
Flame temperature 
Ambient temperature 
Optical density of smoke at the 
source 
Ventilation at the ceiling level of 
the room 
Delay to ventilation start-up 
Number of independent fire 
sources 
Design the parameters 

Outputs 
IV 
History of fire. 
Time dependent: 
Hot layer height 
Hot layer temperature 
Flow of hot gases through 
opening 
Height of the neutral plane 
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I 
CFAST [2] 
(NIST, USA) 

B. 
Multi-room (up to 
15 enclosures) 
Hot Layer Model 
Openings into 
unconstrained 
outer space 
(ceiling vents) 
and adjacent 
compartments 
(doors) 

m 
Geometrical data: 
Total number of compartments 
Width, depth, height (volume 
and area) for each compartment 
Connection between 
compartments 
Total number of openings 
Geometry of openings 
Mechanical ventilation: 
Number, geometry and 
discharge characteristics 
Thermophysical properties: 
of the ceiling, floor, and wall 
Other obiects: 
general information about being 
bumed objects (minimum 
ignition flux and ignition and 
volatilization temperatures, total 
mass, molecular weight, initial 
pyrolisis rate, area of fire (zero 
at the beginning), etc.) 
The fire specification: 
number of the compartment of 
fire origin; fire location in RFO; 
initial relative humidity; the 
total time over which the results 
are printed; fire type; lower 
oxygen limit, heat of 
combustion ...) 
Initial conditions: 
Wallls' temperatures, pressure 

IV 
3-D Time histories of : 

Hot layer height 
Hot layer temperature 
Ceiling and walls' 
temperatures 
Mass buming rate and heat 
release rate 
Gas (O2, CO, CO2 ) 
concentrations 
HCL concentration 
Smoke density 
Flow of hot gases through 
openings 
Height of the neutral plane 

FIRST *) 
(direct 
descendant of 
the 
HARVARD V 
program of H. 
Emmons and 
H.Mitler) 

Room-of-Fire 
Origin Zone 
Model 
with the heating 
and possible 
ignition up-to-
three targets 
(total 4 
compartments); 
with specified 
openings 

Geometrical data describing: 
Rooms and Openings 
Thermophysical properties of 
the: 
ceiling, walls 
buming fuel, and targets 
Rate of soot generation and 
other species generation rate as a 
rate of pyrolysis rate 
The original fire and targets 
specification 

Time Histories of 
Hot upper layer and lower 
cooler layer temperature and 
thickness; 
species concentration; 
O2 concentration; 
heat transfer rate; 
mass buming rate; 
wall surface temperatures 

NRCC 
APARTMEN 
TFIRE 
GROWTH 
MODEL [3] 
(Canada) 

One-Room Zone 
Model 
with 
Door Openings 

Fire type (smouldering or 
flaming) 
Room geometry (height, depth, 
width) 
Thermal properties and 
thickness of wall materials 
Door size and state (opened or 
closed) 
Fuel load (kg/m') 
Total simulation time (total time 
from the moment of ignition 
over which the results are 
printed) 

Time history of 
Buming Rate (kg/s) 
O2, CO, CO2 Concentrations 
(% by weight) 
Room Temperature (°C) 
Wall Temperature (°C) 
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CCFM *) 
(Consolidated 
Compartment 
Fire Model 
version 
W E N T ) 
[L.Y.Cooper 
and G.P. 
Fomey] 

Two-layer zone-
type compartment 
fire model in 
multi-room (up to 
9 rooms), multi
level facility 
Openings: 
Vents can be 
simple openings 
between adjacent 
spaces (natural 
vents) or fan/duct 
forced ventilation 
systems between 
arbitrary pairs of 
spaces (forced 
vents). 

The required inputs are 
a description of room geometry 
and vent 
characteristics (up to 9 rooms. 
20 vents), initial state of the 
inside and outside environment. 
and 
fire energy release rates as a 
functions of time (up to 20 
fires). 
If simulation of concentrations 
of 
products of combustion is 
desired, then product release 
rates must also be specified (up 
to three products). 
For forced vents, flow rates and 
direction can be user-specified 
or included in the simulation by 
accounting for user-specified fan 
and duct characteristics. Wind 
and stack effects can be taken 
into account. 

The program outputs for each 
room are: 
pressure at the floor. 
layer interface height. 
upper/lower layer 
temperature and (optionally) 
product concentrations. 

*) Note: Description is taken from Internet (NIST website: http://www.nist.gov). 

References 
1. Cote A., Ed. (1986), Tire Protection Handbook', 18th Edition, NFPA, USA. 

2. Portier R.W. et al., 'A User's Guide for CFAST Version 1.6', NIST. 

3. Gaskin, J and Takeda, H., 1993, 'The NRCC Apartment Fire Growth Manual', 

NRCC, Ottawa, Canada. 
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APPENDIX B 

The Figure B-1 and Figure B-2 reflect the results of CFD simulations of channel flow 
with different grid sizes. Two grids with 78x42x1 and 78 x84xl recmngular cells 
were chosen for omparison . In Figure B-1 (a to h), the horiizontal velocity (U) 
profile is plotted across the channel width at didifferent distances (X) from die inlet. 
The velocity profiles are plotted only for the upper half of the channel since die 
problem is symmetrical. The distances from inlet are shown at each plot's title. 
Similar to U-velocity, the V-velocity profile is also plotted in Figure B-2 (a to h) 
across the channel at different distances from inlet. The flow calculation showed that 
the finer grid, 78 x84xl, woul lead to practically negligible variations in gas flow in 
comparison with a coarser grid 

The development of boundary layer from entrance (X=0) to the exit (X=8m) can be 

also observed in Figures la to Ih by comparing the distances at which profile 

becomes stable. In Table I, the values of boundary layer thickness determined on the 

base of 99.95% approximation, i.e. the values of distance where the change in U-

velocity does not prevail 0.05%, are given for two grids. The value calculated using 

empirical formula for fully developed turbulent flow [1] is also given for comparison 

in the last column. The deviation of the results can be explained by the range of Re 

number belonging to transition regime, rather than to turbulent. 

The development of boundary layer from entrance (X=0) to the exit (X=8m) 

can be observed in Figure B-1 (a to h) by looking at the development of distances at 

which profile becomes stable. The value calculated using empirical formula for fully 

developed turbulent flow [1] is also given for comparison in the last column. The 

deviation of the results can be explained by the range of Re number belonging to 

transition regime, rather than to turbulent. 

Table 1: Comparison between simulated using different grids and empirical 

values of non-dimensionalised boundary layer depth. 

0.02875 0.0275 1.07E+06 0.022028 
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Figure B-1 Comparison of the U-velocity profiles at different distances from the 

channel inlet calculated using two grid sizes. 
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Figure B-2: Comparison of the V-velocity profiles at different distances from the 
channel inlet calculated using two grid sizes. 

Based on the presented results it was concluded, that the CFD code successfully 

produces prediction of gas flow. 

References: 
1. White, F.M., Fluid Mechanics, McGRAW-HILL,INC, 3"^ edition, 1994, 736pp. 
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APPENDIX C 

Sample Input Data File #1 for Flaming Fire with Sprinkl 
er 

FO# 

1 Fire Type - FLAMING 

2 Door — Open 

3 Window Break Temperature = 300.00 C 

4 Room Height = 2.40 m 

5 Room Depth = 2.40 m 

6 Room Width = 3.50 m 

7 Wall Thermal Conductivity = 0.069 cal/cm min 

K 

8 Wall Density = 

Wall Thickness = 

Door Height = 

Door Width = 

Fuel Thickness = 

Fuel Size (radius) = 

Fuel Mass -

1.440 g/cm3 

16.20 cm 

2.00 m 

0.80 m 

30.00 cm 

100.00 cm 

117.00 kg 

9 

10 

11 

12 

13 

14 

15 Fire Simulation Time = 30.00 min 

16 Air Condition Air Supply = 0.00 litre/sec 

17 Air Condition Air Return - 0.00 litre/sec 

18 Number of element slabs = 300 

19 Flame spread adjustment = 1.00 

20 Initial burningradius = 1.50 cm 

21 WINDOW HEIGHT = 1.50 m 

22 WINDOW WIDTH = 2.40 m 

23Acti. Extinction Coeff = 0.05 1/m 

24 K = 50.0 

25 Critical Heat Flux = 420.0 kW/m**2 

26 Thermal Response Param. = 100.0 kW-

s**0.5/m**2 

27 Adjacent room volume = 40.0 m**3 

28 Adjacent room surface = 46.0 m**2 

29 Fuel surface in adj room = 5.0 m**2 

30 Fuel mass in adj room := 100.0 kg 

31 Distance from the door = 0.0 m 

32 Crit. Temp. Wall Lining = 300.0 C 

33 Equiv. Fuel Area Lining = 0.0 m**2 

34 Equiv. Fuel Mass Lining = 0.0 kg 

35 Conductivity of Lining = 0.15 W/m K 

36 Density of Lining = 640.0 kg/m**3 

37 Specific Heat of Lining = 2.8 kJ/kg K 

38 Thickness of Lining = 1.0 cm 

39 Window glass thickness = 4.0 mm 

40 Glass density = 2700.0 kg/m**3 

41 Glass conductivity = 0.78 W/m deg 

42 Glass specific heat = 0.84 kJ/kg deg 

43 Glass breaking temp. dif.= 800.0 deg 

44 Sprinkler rti = 30.0 m'^l/2s'^ 1/2 

45 Sprinkler dis. from fire = 2.0 m 

46 Sprinkler Acti. Temp. = 68.1 C 

47 Window Lowering Time = l(X)00.0 sec 

48 Distance from the door = 1.0 m 

49 Sprinkler discharge rate = 1.35 kg/s 

50 Mean Droplet Diameter = 0.3 mm 

Sample Input Data File #2 for Flaming Fire 

Sample Input Data File #2 for Flaming Fire with Sprinkler 
6973.0 

423.0 
0.02 

H_c 
PU 
Wood 

498.0 
0.008 

0.550 9.85 
0.0255 

9.2 

0.0155 
11.0 
0.045 

0.005 
1.0 

H V 

6973.0 292.0 (Drysdale) or 498.0 (NRCC) 
4712.0 435.0 

Fiskville5628.0 (Assuming total consumption) 
Fiskville7440.0 (Assuming 300kg cellulosics remain) 

Stoichiometric ratio: 9.85 PU default 
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Sample Input Data File #1 for Flaming Fire without Sprinkler 
Original NRCC-VUT Fire Growth Model (no Sprinkler sub-model) 

F04 — 
1 Fire Type -- FLAMING 
2 Door -- Open 
3 Winciow Break Temperature = 
4 Room Height = 
5 Room Depth = 
6 Room Width = 
7 Wall Thermal Conductivity = 

Wall Density = 8 

9 Wall Thickness = 
10 Door Height = 
11 Door Width = 
12 Fuel Thickness = 
13 Fuel Size (radius) = 
14 Fuel Mass = 
15 Fire Simulation Time = 
16 Air Condition Air Supply = 
17 Air Condition Air Return = 
18 Number of element slabs = 
19 Flame spread adjustment = 
2 0 INITIAL BURNING RADIUS 
21 WINDOW HEIGHT = 
22 WINDOW WIDTH = 
23 Acti.Extinction Coeff. = 
24 K = 
25 Critical Heat Flux 
26 Thermal Response Param. = 
27 Adjacent room volume = 
2 8 Adjacent room surface = 
29 Fuel surface in adj room = 
3 0 Fuel mass in adj room = 
31 Distance from the door = 
3 2 Crit. Temp. Wall Lining = 
3 3 Equiv. Fuel Area Lining = 
34 Equiv. Fuel Mass Lining = 
35 Conductivity of Lining = 
3 6 Density of Lining = 
37 Specific Heat of Lining = 
38 Thickness of Lining = 
39 Window glass thickness = 
40 Glass density = 
41 Glass conductivity = 
42 Glass specific heat = 
43 Glass breaking temp. dif.= 

300.00 C 
2.40 m 
3 .60 m 
5 .40 m 
0.069 cal/cm min K 
1.440 g/cm3 
16.20 cm 
2 .00 m 
0 . 80 m 

30.00 cm 
140.00 cm 
232.00 kg 
40.00 min 
0.00 litre/sec 
0.00 litre/sec 
350 

0.56 
1.5 0 cm 
1.50 m 
2 .40 m 
0.05 1/m 

5 0.0 
20.0 kW/m**2 

100.0 kW-s**0.5/m**2 
40.0 m**3 
46.0 m**2 
5.0 m**2 

100.0 kg 

0.0 m 
300.0 C 

0.0 m' 
0.0 kg 
0.15 W/m K 

640.0 kg/m**3 
2.8 kJ/kg K 
1.0 cm 
4 . 0 mm 

2700.0 kg/m**3 
0.78 W/m deg 
0.84 kJ/kg deg 

80.0 deg 
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