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This thesis examines the ability of fire simulator program called Fire Dynamics Simulator 
(FDS) to model heat transfer between hot surfaces and liquid droplets. This heat transfer 
is modelled in FDS with a fixed heat transfer coefficient value. In this work a more 
advanced equation for the heat transfer coefficient is introduced in the heat transfer 
model, which takes better account of phenomena occurring in droplets. 

 
The operation of heat transfer models has been evaluated by simulating the three 
experimental conditions obtained from the literature on both heat transfer models. Two 
tests are micro scale experiments in which a heated metal plate has been cooled by a water 
jet. The scale of these trials is a few centimetres. The third test is a large-scale experiment 
in which the cooling effect of sprinklers has been studied to surface temperatures of steel 
truss in a room fire. 

 
When comparing the results of the simulations with the experimental results, it is noticed 
that neither of two heat transfer models are able to predict the surface cooling in the 
microscale experiments very precisely. This is likely to be due to the fact that no all factors 
affecting heat transfer have been observed such as varying speeds of the droplets on the 
surfaces or the effect of the boiling on the heat transfer coefficient. Also, the suitability of 
the equations used for the heat transfer of the improved model to droplets is questionable. 

 
In a room fire where the surfaces were cooled by sprinklers, the differences between 
simulated and measured temperatures were minimal. On a large scale, the sprinkler’s 
cooling effect to hot rises to a significant degree and also the surface temperatures drop 
rapidly to a level where the modelling of heat transfer between the surface and droplets 
does not have to be very accurate. 

 
Based on the results, it can be stated that FDS is well suited for the simulation of surface 
temperatures in sprinkled room fires using either of the heat transfer models but for more 
experimental situations the more improved model is needed. 
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Tiivistelmä 

 
Tässä diplomityössä tarkastellaan palosimulointiohjelmisto Fire Dynamics Simulatorin 
(FDS) kykyä mallintaa lämmönsiirtymistä kuumien pintojen ja nestepisaroiden välillä. 
Tätä lämmönsiirtymistä on FDS:ssä mallinnettu kiinteällä lämmönsiirtymiskertoimen 
arvolla. Tässä työssä esitetään lämmönsiirtoalimalliin lämmönsiirtokertoimelle 
kehittyneempi yhtälö, joka ottaa paremmin huomioon pisaroissa tapahtuvia ilmiöitä.  
 
Lämmönsiirtymismallien toimintaa on arvioitu simuloimalla kirjallisuudesta saatuja 
kolmea kokeellista tilannetta molemmilla lämmönsiirtomalleilla. Kaksi koetta ovat 
pienoisskaalan kokeita, joissa kuumennettua metallilevyä on jäähdytetty vesisuihkulla. 
Näiden kokeiden mittakaava on muutamia senttejä. Kolmas koe on suuren skaalan koe, 
jossa on tutkittu sprinklerien jäähdytysvaikutusta teräsristikkoon huoneistopalossa. 
 
Kun simulointien tuloksia verrataan kokeellisiin tuloksiin, huomataan, etteivät 
kummatkaan lämmönjohtumismallit kykene ennustamaan pinnan jäähtymistä pienen 
skaalan kokeissa kovinkaan tarkasti. Tämä johtuu todennäköisesti siitä, ettei malleissa 
ole huomioitu lämmönsiirtymiseen vaikuttavia tekijöitä kuten pisaroitten vaihtelevaa 
nopeutta pinnoilla tai kiehumisen vaikutusta lämmönsiirtokertoimeen. Myöskään 
parannellun mallin lämmönsiirtymiseen käytettyjen yhtälöiden soveltuvuus pisaroihin 
on kyseenalaista.  
 
Huonepalossa, jossa pintoja jäähdytetään sprinklauksella, simuloitujen ja mitattujen 
lämpötilojen ero oli vähäinen. suuressa mittakaavassa sprinklauksen vaikutus kaasujen 
lämpötilaan nousee merkittävään asemaan samalla kun pintojen lämpötilat putoavat 
nopeasti tasolle, jossa lämmönsiirtymisen mallintaminen pinnan ja pisaroiden välillä ei 
tarvitse olla kovin tarkkaa. 
 
Tulosten pohjalta voidaan todeta, että FDS soveltuu hyvin pintalämpötilojen simulointiin 
sprinklatuissa huonepaloissa käytettiinpä kumpaa tahansa lämmönsiirtymismallia, 
mutta kokeellisempiin tilanteisiin malleja tulee kehittää. 
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Symbols and Abbreviations 
 

 

Cpw [J/kg]  Specific heat of coolant 

G  [kg/s]  Mass flow rate 

L [m]  Characteristic length 

Pr [-]  Prandtl number  

Nu [-]  Nusselt number 

Qin  [W]  Supplied power 

Qloss  [W]  Power loss to ambient 

Ra [-]  Rayleigh number 

T [K] or [°C]  Temperature 

Tb [°C]  Boiling temperature 

Tf  [°C]  Coolant temperature 

Vint [m/s]  Initial particle velocity 

h [W/(K*m2)]  Heat transfer coefficient 

hfg [J/kg]  Latent heat of vaporization of the coolant 

k [W/(m*K)]  Thermal conductivity of the fluid 

𝑚′′̇   [kg/(m2*s)]  Mass flux 

p [Pa]  Pressure 

𝑞′′̇   [W/m2]  Heat flux 

ρ [kg/m3]  Density 

η [-]  Cooling efficiency 

 

 

 

 

C-factor   Characterized conductive heat loss from the sprinkler head 

ESFR   Early Suppression Fast Response sprinklers 

Eurocode EN 1993 Series of European standards (EN) related to construction, 

  Eurocode 3: Design of steel structures 

FDS  Fire Dynamic Simulator 

HRR  Heat releasing rate 

VTT  Technical Research Centre of Finland (Teknologian  

tutkimuskeskus VTT Oy) 

RTI  Thermal responsiveness index of sprinkler head and to the  

hf  Heat flux 

hfc  Heat flux coefficient 

wf  Water flux 
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1 Introductions 

1.1 Background 

 

The one of the key interest in the fire protection engineering are temperatures of the 

structures that are exposed to the hot gas temperatures and thermal radiation caused by 

the fire. Common building materials start to lose their structural integrity at the higher 

temperatures occurring in the fires. One of the widely used method to lower the 

temperatures in the room fires is to use sprinklers, which start to spray water into the 

compartment when gas temperatures in the enclosure exceed an activation temperature of 

the sprinkler. Water spray from sprinklers restrain fire and bind heat and thus lower the 

gas temperatures, but also directly cools surface temperatures of those structures that are 

directly exposed to the water spray. This direct water cooling can have significant impact 

to the surface temperatures. Therefore, it is important to have proper tools to model and 

simulate the fires where sprinkler cooling is involved. 

1.2 Problem description 

 

Fire Dynamic Simulator (FDS) is a computational fluid dynamics model of fire driven 

fluid flow. FDS is widely used to solve practical fire problems in fire protection 

engineering, but it also provides usable tool to study fundamental fire dynamics and 

combustion reactions. (McGrattan, et al., 2012). 

FDS can predict the sprinkler influence on the gas temperature with a fairly accuracy, but 

although modelled, a heat transfer model between droplets and a surface in FDS have 

been studied inadequately.  By default, FDS provides simplified model to simulate this 

type of heat transfer. The heat transfer between the surface and the droplet is calculated 

with the temperature difference of the surface and the droplet, with a constant multiplier, 

heat transfer coefficient. However, heat transfer between surfaces and droplets is 

complicated phenomenon that cannot be descripted accurately with constant multiplier. 

Therefore, is questionable, if this simple model is sufficient to give useful results when 

used in different type simulations  

1.3 Objectives 

 

For an alternative manner, more sophisticated way to calculate this heat transfer with FDS 

was studied in this thesis. With this still undocumented method, the multiplier is variable 

and is determined with empirical equation, which takes into account the fluid and flow 

properties. However, it is not studied, how accurately these methods model the heat 

transfer in this type of situations. 

In this thesis, the suitability of FDS’s heat transfer methods of the droplet and surface is 

studied more closely. These studies are accomplished by simulating spray-cooling 

experiments from literature. Three experiments are simulated, where FDS’s capability to 

simulate a direct spray cooling of the surfaces are studied. Two of these experiments come 

from the field of electric component cooling and have a scale of a few centimeters. These 

experiments are taken from scientific reports of Jia and Qiu (Jia & Qiu, 2003) and 

Somasundaram and Tay (Somasundaram & Tay, 2013). Later in this thesis, simulations 

based on these two experiments are referred as micro scale simulations. More natural 

sized simulation is called macro scale simulations. They are based on an experiment of 

Ruukki’s sprinkler cooling test for the steel structures and is conducted by VTT.  
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The micro scale simulations show how well the studied heat transfer models work and 

act as a verification of the models. The macro scale simulations, on the other hand, act as 

a validation and show how necessary the studied heat transfer models’ accuracies are 

when genuine room fires are simulated.  

 

 

1.4 Methods 

The main aspect of this thesis is to study the methods used in Fire Dynamic Simulator 

(FDS) to simulate the heat transfer between a surface and droplets. This phenomenon is 

more closely studied with simulations based on experiments from the literature. The 

simulations, results from them and discussion form the main content of this thesis. 

However, to understand those subjects, some basic understanding from the used 

simulation program and the basic history and physics behind the water cooling in the fires 

is needed. These matters are discussed first in the literature study before the simulation 

results. 

Matters that are discussed in the literature study are: The basic of the simulation program 

Fire Dynamic simulator, the main principles and capabilities; How the droplets and 

droplet heat transfer are executed in the FDS; Basic knowledge of the sprinkler system 

and the m history; And brief discussion of the heat releasing rates used in the macro scale 

simulation case and sprinklers effect to the heat releasing rates. 

The simulation cases are divined to two categories: In micro scale cases, where droplet 

heat transfer is studied with models in scale of a few centimeter and in macro scale cases, 

where sprinkler effects in a full-scale room fire is studied. The experiments that these 

simulations are based on and the simulation models used in this thesis are more closely 

describe in Chapter 3as well as the result from the simulations. 

Factors that could have caused uncertainty to the result of the experiments as well in the 

simulations are discussed in chapter 3.5. In chapter 3.6, possibilities for extended 

applications of this thesis results and future research needs and possibilities are discussed. 
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2 Literature study 

2.1 FDS basics 

The aim of this thesis is to study how accurately heat transfer is modelled between 

droplets and hot surfaces in Fire Dynamic Simulator (FDS). FDS is computational fluid 

dynamics (CFD) model of drive driven fluid flow, which solves numerically a form of 

the Navier-Stokes equations appropriate for low-speed (Ma < 0.3) (McGrattan, et al., 

2012).  

FDS is free open source project led by NIST and VTT. FDS is written in FORTRAN. The 

first version was released in 2000 and the program has been under constant development 

since then. In this thesis, version 6.1.1. is used. FDS is developed as a practical tool for 

engineering, but works in fundamental studies as well. This approach determines two 

important key features for the program: easy use for basic engineering tasks and moderate 

need for a computational time. One question in this study is how much done 

improvements effects on the result compared to the increased computational time. Is more 

accurate model too time consuming for gained benefits? 

For comprehensive fire simulation program, FDS combines different sub models. A few 

examples of these models are hydrodynamic model, which defines fluid flows; 

combustion model, which modeling chemical reaction in combustion; and particle model, 

which modeling sub grid sized objects with lagrangian particles. One type of these 

objects, amongst other things, are droplets, the feature studied in this thesis. 

The model is given to FDS with ASCII file. This input file can be written by hand or form 

with commercial programs, which can be helpful especially with more complex 

geometries. The FDS model consist of square meshes that are divined to grid of square 

cells. This squareness could cause difficulties with round or more complicated 

geometries. The state of every cell is calculated in every time step. The normal cell size 

pan from a few centimeters to a meter. The length of the time step depends on cell size 

and occurring flow speeds and is normally a fraction of seconds. The small cell size and 

therefore large cell count and shot time steps are common reason to expanded 

computational times. The other factor increasing computational time is particle count.  

Objects like walls or furniture are modeled by defining cells to solid obstructions with 

surfaces. The surfaces can be linked with material properties and thus give desired 

combustion and heat transfer properties to them. FDS saves computed data to output data 

files, which can be analyze with common spreadsheet programs or visualized with 

Smokeview program. 

 

2.1.1 Droplets in FDS 

Liquid droplets are one of the objects types modelled with lagrangian particles in FDS. 

With a sprinkler spray, the particles are introduced to the model from a nozzle. The 

introduction point is randomly chosen from a spherical surface, which radius is given 

with offset diameter. These spherical surfaces can clearly see in Figure 16. The offset 

diameter is a distance where the spray is assumed to be fully formed. Sheppard 

recommends value of 0.2 m (Sheppard, 2002).The distance may need increasing if 

stability errors occur during a running of the model.  

One particle represents multiple actual droplets with the same diameter. The diameter is 

randomly chosen from given distribution. FDS uses Rasin-Rammler-logonormal as a 

default diameter distribution. Effects of single particle’s mass and heat transfer are 

multiplied with weighting factor to simulate all the represented droplets. 

The particles can have properties such as place, velocity, acceleration, material, size or 

temperature. However, they do not occupy any certain volume from eulerian space. 
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With manipulation of particle properties, many different phenomena could be simulated. 

Particles could, for example, vaporize, combust, transfer heat or interact with carrier fluid 

via drag forces, although they cannot directly interact with each other. In this thesis, the 

heat transfer between a surface and particle is studied. 

On the surface, particles receive fixed velocity to a random direction. The velocities are 

by default 0.5 m/s at vertical surfaces and 0.2 m/s at horizontal surfaces. In this thesis, 

effect of the surface velocity to particles heat transfer is studied with horizontal velocities 

0 and 0.2 m/s. 

The heat flux between hot surface and the fluid can be calculated with Newton's cooling 

law 

 

 �̇�′′ = ℎ𝛥𝑇 (1) 
 

where ΔT is temperature difference between hot surface and the fluid, and h is heat 

transfer coefficient (htc) usually given in unit of W/(m2K). 

In FDS, the default value of heat transfer coefficient between surface and droplet is 

constant h=300 W/(K*m2), however, the heat transfer coefficient depends on fluid and 

flow characteristics and the dimension. These phenomena can be described with a 

dimensionless Nusselt number 

 

 
𝑁𝑢 =

�̇�′′(𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒)

�̇�′′(𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒)
=
ℎ𝛥𝑇
𝑘

𝐿
𝛥𝑇

=
ℎ𝐿

𝑘
 (2) 

 

where k is the thermal conductivity of the fluid and L is characteristic length. In this case, 

characteristic length is chosen to be droplet diameter. There are numerous factors that 

effect to value of Nusselt number, which are difficult to define in analytical way. 

Therefore, an empirically specified value for certain circumstance gives usually more 

precise outcome. (Lienhard IV & Lienhard V, 2008). 

In this thesis, two equations for Nusselt number and thus heat transfer coefficients are 

tested against FDS’s default value of htc. The new heat transfer coefficients cover 

situations where droplet is on the vertical or on the horizontal surfaces. Nusselt number 

for situations when droplet is on the vertical surface, is calculated with empirical equation 

for laminar natural convection on a vertical isothermal surface by Churchill and Chu 

(Churchill & Chu, 1975) 

 

where Ra and Pr are dimensionless Rayleigh and Prandtl numbers. Rayleigh number is 

associated with buoyancy driven flow and Prandtl number is ratio of momentum 

diffusivity to thermal diffusivity.  When the equation (3) is substituted in to equation (2) 

and calculated with quantities for water used in FDS (specific heat 4.19 W/(kg*K), 

thermal conductivity 0.6 W/(m*K) and dynamic viscosity 1040*10-6 N*s/m2), the htc 

(W/(K*m2)) between droplet and vertical surface simplify to form 

 

 
ℎ ≈ 121,8(

∆𝑇

𝑑
)
1

4 (4) 

 

where ΔT is temperature difference between the droplet and the surface, and d is droplet 

diameter in mm. 

 
𝑁𝑢 =

0,68 + 0,67𝑅𝑎
1

4

(1 + (
0.492

𝑃𝑟
)
9

16)
4

9

 (3) 



10 

 

The Nusselt number for the droplets on the horizontal surface is calculated further 

development equation (3) suggested by Raithby and Holland (Raithby & Hollands, 1998) 

 

 
𝑁𝑢 =

0.560 ∗ 𝑅𝑎
1

4

(1 + (
0.492

𝑃𝑟
)
9

16)
4

9

 (5) 

 

When substituted in to equation (2), the htc for horizontal surfaces simplifies to form 

 

 
ℎ ≈ 101.5(

∆𝑇

𝑑
)
1

4 (6) 

where ΔT is temperature difference between the droplet and the surface, and d is drop-let 

diameter in mm. 

Different heat transfer coefficients are compared in Figure 1., where the new heat transfer 

coefficients are calculated with droplet diameter 1000 µm in function of temperature 

differences from 0 to 160 K using equations 4 and 6.  Both new h values exceed the old 

value with every temperature differences with over two decades, but as it is later shown 

with simulations, these new values were closer to experiment data in every simulated 

case. 

Both equations (4) and (6) depend not only from ΔT, but also from droplet diameter. 

Because droplet diameter can alternate in order of magnitude from 10-5 to 10-3 m, it can 

effect on htc more than temperature difference in common fires, which spans normally 

from 0 to a couple of hundreds degrees. Figure 2. shows the htc when ΔT is between 0 

and 200 K and droplet diameter is between 20 to 2000 µm. From there can be seen that 

htc rises rapidly when droplet diameter goes under ~0.5 mm. Because these behavior, 

using the correct droplet size distribution in simulation may be in more important role 

with these new htc models than it is now with constant and much lower default htc value. 
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Figure 1. Comparison between the heat transfer coefficient models with temperature difference 

between surface and droplet from 0 to 160 K. Purple line is FDS’s default value, green is values from 

equation 4 for vertical surfaces and brown line is from equation 6 for horizontal surfaces 

 
Figure 2. Effects of droplet diameter and temperature difference changes to Nusselt number based 

heat transfer coefficient  

  

diameter (m) 

Temperature 

difference (K) 

Heat transfer 

coefficient 

(W/K*m2) 
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In real world, the htc should have noticeable raise when a phase change occurs. This is 

due to high value of heat of vaporization (with water 2260*103 J/kg) compared to thermal 

conductivity (~0.6 W/(m*K)) or specific heat (~4.19 W/(kg*K)).  When the surface 

temperature continues to rise higher from fluid boiling point, formed steam stars to form 

gas film between hot surface and liquid, lowering the htc severely. This phenomenon is 

known as a Leidenfrost effect and is shown in Figure 3. Leidenfrost effect can notably 

increase droplet’s evaporation time. (Linke, H et al., 2006).  Result of Leidenfrost effect 

to heat flux is shown in Figure 4. The new htc models studied in this thesis do not take 

into account this kind of phenomena, but htc keeps rising without disturbance. However, 

the new htc equations consider many other important phenomena compared to constant 

default htc value. 

 
Figure 3. Leidenfrost effect with single droplet. Vapor layer is formed between hot surface and liquid 

droplet. (Bormashenko, 2013) 
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Figure 4. Change of htc caused by different type of boiling. Relative heat transfer rate is shown on y-

axel. Temperature on x-Axel. The rate of heat transfer depends on vapor bubbles shapes and sizes. 

(Kothandaraman, 2006) 

 

2.2 Sprinkler and fires 

2.2.1 Sprinklers 

Automated systems spreading water for fire extinguishing purposes, have been known to 

be used for centuries. The first modern sprinkler system was installed in the new Theatre 

Royal, Drylry Lane in the UK in 1812. After the old Drylry Lane theatre burned down in 

1809. However, this sprinkler system was manually operated. The first automated 

sprinkler system was invented in 1874 by Connecticuter piano manufacturer Henry S. 

Parmalee, to protect his piano factory. In Parmalee’s system, ceiling structures were 

protected in fires by directing water towards the ceiling. Similar extinguish systems were 

widely used in mills around New England area in 1880’s and were soon developed in 

form that is similar than sprinkler systems are now days. Use of the sprinklers in fire 

protection in commercial buildings expanded during 1940’s, when insurance companies 

started widely to give discounts of insurance payments for buildings with automated 

extinguish systems. In 1950 invented spray sprinkler, which directed all water downward 

toward a fire on a floor. Spray sprinkler was taken so widely use that it soon renamed to 

a standard sprinkler. (Yao) 

The basic idea and design of the commonly used sprinkler heads have stayed similar to 

the 19th century design. The main parts of the common sprinkler head can be seen in 

Figure 5. A glass bulb holds a cap on placed over an orifice, preventing water flow out 

from piping. When gas temperature rises during a fire, the liquid inside the glass bulb 

expands and breaks the glass bulb letting the pressurized water to flow through the orifice. 

When water hits a deflector, it scatters and forms small droplets. The water flow 

transforms to droplets with in distance of circa 20 cm from the nozzle (Sheppard, 2002). 
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Figure 5. Common sprinkler head design  

 

There are wide variety of sprinkler types, which could deliver water spray to different 

directions, but most commonly used sprinkler types are upright and pendant sprinklers. 

Differences between these types is shown in Figure 6. A traditional upright sprinkler 

works similarly as the sprinklers in 1880’s. It directs the water spray towards ceiling, 

from where the water then drops towards the floor. The traditional upright sprinklers are 

still used in the situations where the cooling of the ceiling is the most desired feature. 

Modern version of the upright sprinkler, however, directs its spray directly toward the 

floor and thus reducing a fire by wetting burning surfaces more effectively and thus 

lowering the temperatures in entire enclosure.  

Disadvantage with upward sprinklers is the pipe placing below the heads, where it 

disturbs the spray cone. This can be avoided with pendant sprinklers, where sprinkler 

head is installed underneath the pipe. Standard pendant sprinkler reminds the modern 

upright sprinkler and it can effectively spread water beneath sprinkler head and locally 

control burning. The local extinguishing properties are carried even further with Early 

Suppression Fast Response (ESFR) sprinklers. The ESFR sprinkler are used mainly with 

high piled storage occupancies. It is designed to suppress or even extinguish fires without 

an aid of fire fighters, not only control a situation as the conventional sprinklers are 

designed to do. The ESFR sprinkler’s head reacts to heat quicker than the normal sprinkler 

head and after an activation, release 2-3 times more water in bigger droplets than the 

conventional sprinkler head. For these reasons, the water reaching burning surfaces in 

higher quantities and thus the fire suppression is more effective than with the normal 

sprinkler system. 
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Figure 6 Main sprinkler head types (Sheppard, 2002) 

 

Along with sprinkler heads, a sprinkler system consists of water supply, pump and piping 

system. The typical sprinkler system is shown in Figure 7. A sprinkler system design is 

based on hazard classes of the building. Water density and single sprinkler head’s area of 

operation are different for different hazard classes. Commonly used hazard classes are 

light (LH), ordinary (OH), high hazards process (HHP) and high hazard storage (HHS). 

OH, HHP and HHS classes are also sub-divided into four groups.  

Sprinkler systems can be divide into four groups as well. Types of groups are wet, dry, 

deluge and pre-action systems. The wet system is normal sprinkler system, where the 

piping system is constantly filled with pressurized water and from where water discharges 

through the actuated sprinkler heads. In situations where there is a risk of freeze of the 

water in the pipes, the dry systems are used. Pipes in the dry system are pressurized with 

air, which holds the extinguishing water away from the piping. In the fire, dry system 

works in same way as the wet system, but absence of water in the pipes will cause delay 

to the water discharge. The deluge system uses open sprinkler heads and the sprinkler 

system is activated by a separated fire detection system. Unlike the sprinkler systems with 

actuating sprinkler heads, in the deluge system, water flows through all nozzle when the 

system become active.  The preaction system combines deluge system’s activation of the 

fire detection system with normal temperature actuating sprinkler heads. (Society of 

Protection Engineers, 2008) 

Main properties of the sprinkler head can be described with K-factor, Response Time 

Index (RTI) and C-factor, which manufactures reports for their sprinkler head models. 

The k-factor represents the flow properties of the sprinkler head where all the factors 

except system’s water pressure can be combined to the single value.  When the water 

pressure is known, a flow rate for the single sprinkler head can be determined multiplying 

k-factor by square root of the system’s current water pressure. (Society of Protection 

Engineers, 2008). A response time how quickly the sprinkler head activates after 

temperatures around the head raise over activation temperature can be calculate with 

empirically defined RTI and C-factor. The RTI tells a thermal responsiveness of the 

sprinkler head and C-factor characterize a conductive heat loss from the sprinkler head to 

the sprinkler’s support structure. 



16 

 

 
Figure 7 Main elements of sprinkler installation (CEA 4001, 2009) 

 

 

2.2.2 Properties of the spray cone 

Discharging water from the sprinkler nozzle forms a cone shaped spray of water drops. 

Characteristics of this cone affect considerably to a performance of the sprinkler system. 

The main quantities of the water cone are the water density to surfaces and the drop size 

distribution. 

The water density is a common way to inform how much water is introduced to an 

enclosure. The water density describes a water volume that is spread over a floor area per 

time unit. In SI-units, the water density is usually given in mm/min. Used values are 

normally between 2.25 - 12.5 mm/min (CEA 4001, 2009) depending of the hazard class 

of the building. 

In sprinkler design, the water density is assumed to be uniformly distributed over the floor 

area. In reality, however, the water density can have notable variation at the different 

locations of the room. The variations are caused by sprinkler head’s structure and current 

air flows in the enclosure, which are disturbing a formation of the spray cone. Frame arms 

and deflector at the sprinkler heads block certain directions of the cone, thus part of the 

spray directed to sideward, at the frame arm directions, and straight can have lower water 

density than directions without any covers. 

The water spray characteristics depend also on the size distribution of the water drops. 

Normal sprinkler produces water droplets that have diameter from a few micrometers to 

a few millimeters (Sheppard, 2002).  Smaller droplets have a larger surface area compared 

to their volume than the bigger ones. This feature gives small droplets qualities, which 

are not as noticeable with bigger droplets. The large surface area enchases, not only, 

droplet’s capability to bind heat form hot gases and surfaces, but also a heat radiation. In 

addition, air resistance and airflows effect strongly to small droplet, which spreads water 

spray easier, but as well, could prevent small particles to reach burning surfaces.  
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2.2.3 Fire 

To give some perspective to heat release rates of 5-7 MW used in the macro scale cases, 

it is necessary to compare those heat release rates to HRR of common fires from literature. 

Hietaniemi and Mikkola (Hietaniemi & Mikkola, 2010) have collected experimental data 

of heat release rates occurring in the fires of the dwellings from many different sources. 

An average value for dwellings’ HRR per floor are is given 710 kW/m2. For an enclosure 

with the floor area of 9 m2, that was used in the macro scale cases based on VTT’s burn 

test, this HRR density gives 6.4 MW HRR for the used enclosure. Staffansson 

(Staffansson, 2010) gives to a fictive but characteristic 4 m X 5 m X 2.4 m hotel room a 

ventilation controlled post flash over HRR to value 7.4 MW. The flash over is situation 

where the temperatures of the room raises high enough to ignite all combustible materials 

in the room. Usually after the flash over the HRR is limited by the amount of airflow 

through openings of the room.  

However, steel trusses are normally used as a part of the load bearing structures in 

industrial buildings like warehouses and manufacturing plants, where heat releasing rates 

during fires vary greatly in different uses, but the HRR can be tens of MW (Hietaniemi 

& Mikkola, 2010). On the other hand, the height of those type of buildings can be higher 

than 6 m of the test enclosure. 

2.2.4 Heat Release Rate after sprinkler activations 

One of the main causes of the structural damages in fires are high temperatures of gases 

and surfaces. In room fires, temperatures are related to a heat-releasing rate (HRR) of the 

combusting materials. HHR is amount of heat energy per time unit released from burning 

object to a room space by combustion. In a traditional abroad to a sprinkler fire 

extinguishing, lowering the HRR by surface watering is one of the main mechanism to 

achieve the lower temperatures in the gas and on the surfaces.  

Sprinkler capability to the HRR reduction is not consider in any of the researches used in 

this thesis. Therefore, it is meaningful to discuss briefly, how wetting the burning surfaces 

effects to HRR. 

Amount of used water is given in volume of water per area during period. Commonly 

used unit is mm/min. This value is total water flow from every sprinkler nozzle in the 

room divined by floor area. In other words, water is assumed to spread uniformly over 

the whole floor area. However, it is shown that water density could vary greatly under a 

sprinkler’s coverage area. (Walton, 1988), (Sheppard, 2002). This is due to properties of 

used sprinkler system and airflows caused by the fire. The HRR reduction also depends 

on the geometry and chemical composition of the burning items. In addition, items 

locations related to the sprinkler nozzles can cause shielded areas preventing the wetting 

of the burning surfaces.  

Madrzykowski and Vettori (Madrzykowski & Vettori, 1992) have developed an empirical 

sprinkler fire suppression algorithm based burning tests with cribs and furniture. They 

determined a HRR reduction factory by fitting an exponential curve to the test results. 

The algorithm’s effect on HRR after sprinklers actuation can be given in equation: 

 

 �̇�(𝑡) = �̇�𝑎𝑐𝑡 × 𝑒−𝑘𝑡 (7) 
   

where �̇�𝑎𝑐𝑡 is HRR at the time of sprinkler actuation, t is time after sprinkler actuation 

and k is time factor related to the used water density and properties of the burning item. 

Madrzykowski and Vettori used 0.0023 as a value of k, when used water density was 4.2 

mm/min.  
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Evans (Evans, 1992) and Yu (Yu, James, & Hsiang-Cheng, 1994) have expanded the time 

factor k to be a function of the water density. Equations for k is shown in  

 

Table 1, where 𝑚′′̇  is water density in kg/(m2s). 

 
Table 1. k-values in different studies 

Study k-values details 
(Madrzykowski & Vettori, 

1992) 0.0023 
Solid value for 4.2 mm/min 

water density. Cribs and 
furniture 

(Evans, 1992) 0.33 × (𝑚′′̇ )1.85 Cribs 

(Yu, James, & Hsiang-
Cheng, 1994) 

0.716 × �̇�′′ − 0.0131 
FMRC standard Plastic test 

commodity 
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3 Models and data 

3.1 Data and FDS version  

Simulation have been done to study differences between two methods how to simulate a 

heat transfer between a surface and a droplet in the Fire Dynamics Simulator. Firstly, it 

was vital to study fundamental properties of these heat transfer methods. This is done by 

simulating two experimental cases from literature. In experimental setups, a heated 

copper surface was cooled with a water spray from a spray nozzle. The same type of spray 

nozzle was used in the both experiments, but copper plate geometries and nozzle highs 

varies slightly. Originally, these two papers studied utilization of water based cooling for 

the electronic components, therefore used distance scales were around couple of 

centimeters and heat and water fluxes were high compared to the ones occurring in 

sprinklered room fires. However, unwanted aspects from studies of the surface’s water-

cooling were removed from these cases. Without the aspects like radiation from the other 

hot surfaces and sprinklers influence to gas temperatures, the relations between heat 

fluxes and the temperatures were mainly related to water’s cooling properties. Therefore, 

it is possible to draw conclusions from heat transfer model’s accuracy with these cases. 

Because the scales of the experiments, these cases are called micro scale cases. In these 

micro scale cases, comparisons between experimental data and simulation results are 

done with measured heat fluxes at certain temperatures.  

To study heat transfer models’ differences in normal fire engineering problems, a larger 

macro scale case was needed. Luckily, Jyri Outinen from Ruukki Oy gave permission to 

use one of the Ruuki’s full-scale sprinklered burn test series, conducted by VTT. In these 

test, the circumstances were close to circumstances occurring in a normal building fires. 

A used water density was similar to those used with industrial buildings sprinkler system 

design. A heat releasing rate was set so that without sprinkler activation, the temperatures 

followed ISO 834 cellulosic temperature curve. Therefore, it can be assumed that the heat 

and water fluxes, that took place in these burn tests, are in the same magnitude than they 

are in the real-life room fires. Differences between two heat transfer models were studied 

comparing temperatures at certain measurement points from the experimental data and 

from the simulations.  

To be certain that the simulation results will be as useful as possible at the time of this 

thesis, but also in the future, the simulation were done with the most recent version of 

FDS, which at the time of final simulation runs was 6.1.1 with addition of new advanced 

heat transfer models using equations 4 and 6. These models were not included to the 

official 6.1.1 release, but are added to the later versions as undocumented features. 
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3.2 Micro scale simulations 

In experiment conducted by Jia and Qiu, end of a 10 mm wide round copper rod was used 

as a hot surface. Structures around the copper rod were sloped to ensure that excessive 

water could easily flow off from the hot surface. In experiment, water fluxes of 0.156, 

0.31, 0.538 and 1.2 kg/ (m2s) were utilized. The water fluxes were measured by replacing 

the heater structure with beaker, which was covered with lid with 10 mm hole in the 

middle of it. Used heat fluxes were between around 5 to 220 W/cm2 resulting surface 

temperatures between 50 to 150 °C as seen in Figure 8. 

Somasundaram and Tay used 25 x 25 mm2 polished copper plate as the hot surface. The 

spray nozzle was placed at 26 mm above from the hot surface. Used water flows were 

measured by changing the copper block with corresponding sized vessel. In experiment, 

water flows of 188.1, 262.2 and 287.5 g/min were utilized. Used heat fluxes were between 

5 and 140 W/cm2 and temperatures stayed between 30 to 100 °C as seen in Figure 9 

Micro scale simulations are based on experimental data from two reports (Jia & Qiu, 

2003), (Somasundaram & Tay, 2013) from a field of electronic component cooling. In 

component cooling, heat production usually stays high and relatively constant despite of 

cooling or time. These features are desired, when only a one phenomenon is researched, 

like in this case, the model of the spray cooling. In this case, micro scale means distances 

of couple of centimeters. It is also worth mentioning that water fluxes in these cases 

(0.156 - 1.2 kg/(m2*s)) are much higher than water fluxes used with ordinary sprinklers 

(0.0375 - 0.208 kg/(m2*s)) in a fire safety engineering. In both reports, the same type of 

spray nozzle (Unijet TG SS 0.3, Spraying Systems Co.) was used. 

3.2.1 Used data 

In both experiments, the basic test setup was similar. Heated metal surfaces were cooled 

with water spay and temperature, heating power and water flow were measured. This was 

repeated with different heating and water flow values and results were collected to 

temperature - heat flow diagram and to temperature - efficiency diagram, where cooling 

power is compared to a theoretical cooling power maximum of the water flow. Efficiency 

is calculated as follows: 

 

 
𝜂 =

(𝑄𝑖𝑛 −𝑄𝑙𝑜𝑠𝑠) × 𝐴

𝐺 × (𝐶𝑝𝑤 × (𝑇𝑏 − 𝑇𝑓 + ℎ𝑓𝑔)
× 100 (8) 

 

where Qin and Qloss are the supplied power and the power loss to ambient. G is the mass 

flow rate, Cpw is the specific heat of coolant, Tb is the boiling temperature of the coolant, 

Tf is the coolant temperature and hfg is latent heat of vaporization of the coolant. 
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Figure 8. Cooling performance at different water fluxes in Somasundaram & Tay’s 

experiments. (Somasundaram & Tay, 2013) 

Figure 9. Cooling performance at different water flows in Jia and Qiu’s experiments. 

(Jia & Qiu, 2003) 
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3.2.2 Micro scale simulation models 

 
Figure 10. The simulation model of Somasundaram & Tay’s experiment. A red dot reperesents the 

location of the nozzel’s head. 

 

 
Figure 11. The simulation model Jia & Qiu’s experiment. A red dot reperesents the location of the 

nozzel’s head. 

 

Micro scale cases were simulated with straight forward simulation models, where only 

necessary geometry and nozzle properties for particle heat transfer modeling were taken 

into account. The used simulation models are showed in Figure 10. and Figure 11. The 

nozzle and particle properties are clearly descripted in both research papers, therefore it 

was possible to make highly representing simulation models from the experiments.  

In the both models a heated plate was placed at the middle of the model’s floor and the 

nozzle, from where particles are introduced into the model, was located directly above 

the heated plate. Mesh size was adapted to give sufficient room for proper spray formation 
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and airflows, which could affect to interactions between particle and hot surfaces. Heated 

copper plates were modeled as obstructions with accurate dimensions with the 

corresponding experiment setups. Top surfaces of the obstructions were kept at a constant 

temperature. The other surfaces of the obstructions were determined as adiabatic surfaces, 

which do not remove energy from the models.  

Both experiments use a same nozzle (Unijet TG SS 0.3, Spraying Systems Co.). All the 

needed properties for the detailed modeling were descripted in research papers. Altough, 

some of the properties are descripted only in the one paper and do not entirely cover the 

situation in the other case. Mean droplet diameter was taken from (Jia & Qiu, 2003, s. 

figure 5.) and was specified as a 24 µm for the both models, even though the droplet 

diameter could vary with different water flows. Offset of the nozzle head and actual 

particle introduction point was set to 0.002 m in the both models. This distance was found 

to give proper spray formation and stable simulation runs. Spray patterns were set to be 

uniformly distributed, which may be more accurate with this type of nozzle than gaussian 

distribution, that works better with fire sprinklers, although there was only a minor 

difference in water flux measurements between these two distributions. Water’s initial 

temperature 22 °C was taken from (Somasundaram & Tay, 2013).  

Surface integrals of the net heat flux (NHF), cooling per unit of area (CPUA) and 

accumulating mass per unit of area (AMPUA) were measured over the hot surfaces areas. 

The surface integrals were divided by the surface areas of the hot surfaces used in the 

models. Total heat fluxes were calculated by adding measured NHF and CPUA together. 

This way, the effects of radiation and convective heat transfers were noticed in results, as 

they were presence in the experiments. Both simulations were run 0.5 seconds, which was 

enough in every situation to reach a steady state conditions.  

All water fluxes used in both cases were simulated. Four different situations were studied 

by chancing a vertical surface velocity of the particles from default 0.2 m/s to 0 m/s and 

using two different droplets’ heat transfer coefficient models. Differences between these 

models were closely discussed in chapter 2.1.1. 

3.2.2.1 Simulation model of Somasundaram & Tay’s experiment 

The computational domain of the simulation model of Somasundaram & Tay’s 

experiment consist of one 75 x 75 x 75 mm3 mesh with 2.5 X 2.5 X 2.5 mm cells. All 

mesh boundaries were set to be open boundaries. An obstruction, modeling a hot copper 

surface, is square with 25 x 25 mm2 surface area and 5 mm height.  A nozzle was located 

26 mm above from the hot surface. Used spray angles were same as shown in the 

(Somasundaram & Tay, 2013, ss. 176, Fig 2.): 0 to 25 ° with 5.016 kg/(m2*s) water flux 

(2 bar), 0 to 27.5 ° with 6.992 kg/(m2*s) water flux (4 bar) and 0 to 30 ° with 7.667 

kg/(m2*s) water flux (5 bar). Used flow rates were the same as the ones given in research 

article: 0.1881, 0.2622 and 0.2875 l/min 

Initial particle velocity, which particles have when they are introduced into the model, 

was received from equation  

 

 

𝑣𝑖𝑛𝑡 = 𝐶√
2∆𝑝

𝜌
 (9) 

 

where ∆𝑝 is a pressure drop over orifice and 𝜌 is fluid density. C is coefficient that is on 

the average 0.6 (Sheppard, 2002). When pressure difference was 10000 Pascal, fluid 

density 1000 kg/m3 and with 2, 4 and 5 bar pressure differences the initial velocities were 

12, 17 and 19 m/s. Steady simulation runs were achieved with 1.0, 1.5 and 2.0*105 
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particles per second. Too small particle count caused numerical instability when particles 

were hit to the hot surface. The higher flow rates aggravated the phenomenon.  

 

3.2.2.2 Simulation model of Jia & Qiu’s experiment 

The computational domain of the simulation model of Jia & Qiu’s experiment consist one 

20 X 20 x 20 mm3 mesh with 1 x 1 x 1 mm cells. Bottom boundary below heat plate 

obstruction was set to be adiabatic. All other mesh boundaries were set as open 

boundaries. Round heated copper plate was modeled with 68 1 mm3 obstructions. 

Therefore, the hot surface area in simulation model was smaller than the surface area of 

10 mm wide round surface used in the actual experiment.  An exact nozzle location was 

not given in research report. The nozzle was located to the top of the computational mesh. 

Water fluxes were designed to give same water densities at the hot surface as were 

reported in research paper. Used flow rates were 101, 190 322, 494 and 702*10-5 l/min. 

Steady simulation runs were achieved with 106 particles per second. Spray angles were 0 

to 25 ° with every water fluxes. 
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3.3 Macro scale simulations 

Because conditions in micro scale simulations were more severe from a building fire point 

of view, and because micro scale simulations focused strongly on particle cooling abilities 

while detracted other phenomena occurring during room fires, it was also important to 

study particle-cooling simulation with a large-scale experiment. In this thesis, a real life 

burning test with spray sprinklers was simulated. The simulation based on the test report 

VTT-R-2747-11 (Vaari, Fire protection of steel structures by a sprinkler system, 2011) 

conducted by VTT and Ruukki Oy. In the test, 6 x 6 x 6 m enclosure, with a steel truss 

installed at upper part of the enclosure, was heated with heptane burner. The steel truss 

was cooled with four sprinklers with a water cover of 12.8 mm/min. The used heat release 

rate was aimed in the way, which the enclosure temperature corresponded closely to ISO 

834 and EN 1363-1 standard fire temperatures. This test was then simulated with FDS 

version 5.3.1 in validation purposes. 

Data from micro scale simulations based on studies from a field of the electronic 

component cooling. Conditions in that type of cooling differ a great deal from those in 

building fires. Heat fluxes and temperatures remained high through the entire experiments 

in the micro scale cases, where as in large scale fires, the water spray from sprinklers 

reduce the temperatures from hot surfaces and thus heat fluxes. This decreases a heat 

transfer coefficient of the water droplets at the surfaces. Therefore, it is questionable if 

direct droplet surface cooling has that important role as it had with certain micro scale 

cases. The main purpose with macro scale simulations were to study how the droplet’s 

direct surface cooling relates to sprinkler ability to cool down hot gases. 

3.3.1 Used data 

Macro scale simulation is based on the Technical Research Centre of Finland’s test 

reports VTT-R-2747-11 (Vaari, Fire protection of steel structures by a sprinkler system, 

2011) and VTT-S-3606-09/EN (Vaari, Cooling of steel structures by sprinkler system, 

2009), where the used experimental set ups are more closely descripted. Test was ordered 

by Ruukki Oy. 

The experiments were carried out in the VTT large fire test hall with floor area of 378 m2.  

Test enclosure was constructed at the middle of the test hall. The enclosure had measures 

of 6 x 6 x 6 m3 and it had been raised 1.5 m from the test hall’s floor to ensure a sufficient 

air supply to a burner. The enclosure had frame from cold rolled hollow steel profiles and 

was supported by eight steel columns. The walls were made of Ruukki SPA sandwich 

panels, with 150 mm insulation thickness. The ceiling was made of load-bearing profiled 

steel sheeting T120-68L-695/1.2 mm with two 125 mm layers of Paroc ROB 50t ceiling 

insulation on the top of the profile sheeting. The concrete floor was protected with 2 mm 

steel sheet over a circa 20 mm mineral wool insulations. (Vaari, Cooling of steel 

structures by sprinkler system, 2009). 
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Figure 12. CFRHS beams used in a steel truss where temperatures were measured. Numbers 

represent different steel profiles and are descripted in Table 2.  

 

At the top of the test enclosure, the steel truss was installed. In the horizontal direction, 

the steel truss was located at the center of the enclosure. The steel truss was assembled 

from different type CFRHS beams that are showed in Figure 12. and more closely 

descripted in Table 2. 

 
Table 2. Different profiles used in truss in burn test. (Vaari, Cooling of steel structures by sprinkler 

system, 2009) 

Number Profiles (mm) 

1 180 x 180 x 10 
2 180 x 180 x 6 
3 120 x 120 x 6 
4 120 x 120 x 5 
5 120 x 120 x 4 
6 120 x 120 x 3 
7 150 x 150 x 8 
8 150 x 150 x 6 

 

Temperatures were measurement from gas and from the steel structures with K-type 

thermocouples. Gas temperatures were measured 50 cm below the profile sheet’s lower 

flange. Measurement locations for the gas temperatures are viewed in Figure 13. Where 

red dots represent measurement points during free burn test and green dots mark 

temperature determination points during the sprinkler test. Location change was result 

from a harmful impact of the sprinkler sprays with free burn configuration. (Vaari, Fire 

protection of steel structures by a sprinkler system, 2011). 
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Figure 13.  Measurement locations for the gas temperatures. Red dots represent measurement points 

during free burn test and green dots mark temperature determination points during the sprinkler 

test. Based on (Vaari, Fire protection of steel structures by a sprinkler system, 2011, p. 8) 

 

 For the steel temperatures, the thermocouples were placed in to drilled holes such that 

they were entirely embedded inside the structure. 

In spray sprinkler test, four sprinklers were used. Each sprinkler covered 3 m x 3m area 

with water density of 12.8 mm/m2. Sprinkler system’s properties are descripted in Table 

3. Distribution pattern of the sprinklers used in the test is showed In Figure 15. 
 

Table 3. Sprinkler system properties used in the test. (Vaari, Fire protection of steel structures by a 

sprinkler system, 2011, p. 7) 

Sprinkler type Reliable F1FR R3612 
K-factor (l/min/bar1/2) 115 

Pressure at nozzle (bar) 1.0 
Flow rate per nozzle (l/min) 115 

Spacing (m) 3 
Coverage area (m2) 9 

Water density (mm/min) 12.8 
Number of nozzles 4 

Total flow rate (l/min) 460 
 

Heptane spray burner was used as a heat source in the experiment. A nozzle was protected 

from sprinklers with 10 mm thick 2 m x 2m steel plate.  Heat releasing rate (HRR) was 

calculate from a flow rate. The flow rate was determined from pressure of a system.  

The experiment setup, descripted above, was used in the three different burning tests: a 

free burn test, a sprinkler test and an early suppression fast response (ESFR) sprinkler 

test, which data is not used in this thesis.  

Temperature HRR relation was determined with the free burn test. Heptane pressure was 

regulated so that the upper enclosure temperature was following ISO 834 temperature 

curve. Initially the HRR was set at five MW and was raised to about six MW after 18 

minutes was passed. The test was terminated after 22 minutes from beginning to avoid 

material damages due the too high temperatures. 
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In spray sprinkler test, the initial HRR was same as it was in the free burn test. However, 

because of lower temperatures, the sprinkler test could conduct a longer time. Therefore, 

after 22 minutes the HRR was based on test leader’s personal judgment. 

3.3.2 Simulation model 

Focus in this thesis was to test and develop the way in which FDS models the surface 

cooling by sprinkler sprays. Thus, it was important to make a simulation model so, that it 

is accurate to the experiment it is based on, and that it uses all the relevant features of the 

simulator. Particularly proper modeling of sprinklers and particles was in attention.  

 

 

 

Figure 14. Smokeview view from used FDS-model. Enclosure is shown with blue outlines. Steel truss 

is located at the upper part of the enclosure. Different steel profiles are colored with different colors. 

Burner is located at the brown baseplate. 

3.3.2.1 Model geometry and materials 

Complete size of the simulation model was 8 m x 8 m x 6.2 m. It consists the test enclosure 

and one-meter area around the enclosure. Cell size of 20 cm was used which ensured 

sufficient computational time. More refine mesh did not had significant effect to 

simulation results. A picture of the model with the main measurements can be seen in 

Figure 14. 

Material properties for concrete and steel is taken from Eurocode EN 1993. Mineral wool 

properties are from (Society of Protection Engineers, 2008). 

3.3.2.2 Sprinkler and particles 

Sprinkler nozzles were located 1.5 meters from the walls, thus each of the nozzles 

covered area of 9 m2. Flow rate was set to 115 l/min. Initial water temperature was 

estimated to be 5 °C, which is a normal water temperature in water supply pipes.  

Offset value, a distance from the nozzle to where the particles are introduced into the 

model, was set to 0.2 m as it is recommended by Sheppard, Bourque and Svirsky 

(Sheppard, 2002) , (Bourque & Svirsky, 2013). This value corresponds a distance where 

actual sprinkler spray is fully developed (Sheppard, 2002). 
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According to Sheppard (Sheppard, 2002) the drop diameters should be around 1000 µm. 

However, droplet mean diameter was set to 1400 µm, which based on results from the 

original simulation by VTT (Vaari, Fire protection of steel structures by a sprinkler 

system, 2011) and sensitivity analysis. The model gave closer steel temperatures 

compared to test results with higher droplet diameter. 

Initial particle velocity, which particles have when they are introduced into the model, 

was 8.485 m/s. This value was received from equation (9).  

Because simulation results were compared to the real burn test results, it was important 

to achieve similar distribution patterns for the simulated sprinklers, as it was with 

sprinklers in the experiment. This way the same structures in the model and in the burn 

test exposed to a comparable water flow, and thus, the model gives accurate temperatures 

from same temperature measurement points as used in the experiment. For this reason, 

the sprinkler patter was studied with a separated simulation model. In this model, the used 

flow pattern where compared to an actual test data of this sprinkler nozzle type. The test 

was conducted by The Reliable Automatic Sprinkler Co (The Reliable Automatic 

Sprinkler Co., 2012). A picture of the used spray model can be seen in Figure 16. Spray 

angles of 5° and 70° were found to give a close resemble to the given distribution pattern 

compared to the actual patter seen in Figure 15. 
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Figure 15. Sprinkler’s distribution patterns. Measures are in feet. 15 PSI is close to 1 

Bar used in the test. 9 feet equals approximately 2.7 meters. (The Reliable Automatic 

Sprinkler Co., 2012) 

Figure 16. Modeled sprinkler spray cone. Different colors represent different 

accumulative water densities. Measurements are in meters. 
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3.4 Results and discussion 

3.4.1 Results 

3.4.1.1 Micro scale simulations 

In micro scale simulations, the differences of both htc models are easiest to show by 

comparing the efficiencies of the water sprays in different cases, in actual test and in the 

simulations. This removes a direct effect of the different water fluxes and geometries and 

puts the result at the same scale. the efficiencies of simulated water sprays are compared 

to experiment data in Figure 19 to Figure 22. with differences of htc and surface velocities 

of the droplets. The most accurate results were achieved with models where Nusselt 

number based htc were used and droplets surface velocities were set to 0 m/s. At the best, 

these models have efficiencies 0.9 of experiment data. This is achieved with lowest water 

flux of 0.156 kg/(m2s). Experiment hf of this wf have efficiency of 95 at 115 C in Figure 

29, which means that almost all water boils away on the heated surface. Other water fluxes 

in the both experiments do not reach that high efficiency, but maximum efficiency 

decrease when water fluxes increase. Accuracies also decries when higher water fluxes 

were used. With water fluxes above 1.2 kg/(m2s), the accuracy was around 0.5, when 

surface temperatures were under boiling point. With temperatures over boiling point, the 

accuracies were at the lowest at 0.2.  

There may be sever inaccuracy with hf values at low temperatures taken from the Figure 

8. and Figure 9. This is due to closely located measurement points, which made difficult 

to digitalizing the plot data accurately. Therefore, the high ratios at low temperatures with 

water fluxes of 0.310 and 0.538 kg/(m2s) are highly quotable.  

The absence of boiling model can be clearly seen above temperatures of 90 C when 

cooling water starts to boil in experiments. The accuracy then got better with higher 

temperatures when boiling stars to for gas film of water vapor between the hot surface 

and the cooling water and therefore lowers the water ability to remove head from the 

surface.  

When surface speed of the droplets was rise to FDS’s default velocity 0.2 m/s, the 

efficiency ratio decrees with lower water fluxes. The efficiency of 0.156 wf was still the 

highest, but much lower compared to simulations with 0.0 m/s surface velocities. With 

higher wf, there were only minor changes. Due to different magnitude changes in 

efficiencies, the lowest wf were suffered mostly when velocity was raised, while the ratio 

with highest wf stay nearly same. The ratio of 0.156 wf decreased over 50% from 0.9 to 

0.4 at every temperature. 

When constant htc was used, the ratios were all under 0.1 at higher temperatures. The 

change of the droplets surface velocity effect results in same way as with empirical htc. 

The low wf suffers mostly, while high wf stayed nearly the same. 

When evaluating the differences of two htc model, it is also important to study how the 

different models effect to time needed with simulation computing. This time is called 

CPU-time and can be measured in week with big and complicate simulation models, even 

if modern and powerful hardware is used. CPU-times were measurement from all 

simulations with congruent computer setups. Ratios of CPU-times between two htc 

models are showed in Figure 17 and Figure 18. CPU-times do not show any constant or 

significant differences between two htc. At the start of the simulations, CPU-times have 

grater difference between the simulations. At the first 0.05 s simulations with Nu based 

htc takes 0.7 to 1.4 times more time to compute trough than simulations with constant 

htc. When simulations approach steady state at 0.2 s, differences in CPU-times decrease 

to 1.0 to 1.07.  
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Figure 17. Ratios of CPU times between Nu based and constant h in simulation of Jia and Qiu 

experiments. 

 
Figure 18. Ratios of CPU times between Nu based and constant h in simulation of Somasundaram 

& Tay experiments 

 



33 

 

 
Figure 19. Ratios between efficiencies in simulations and experiments with Nu based h and 

droplets’ surface velocity set to 0.0 m/s 

 
Figure 20. Ratios between efficiencies in simulations and experiments with Nu based h and 

droplets’ surface velocity set to 0.2 m/s 
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Figure 21. Ratios between efficiencies in simulations and experiments with constant h and droplets’ 

surface velocity set to 0.0 m/s

 
Figure 22. Ratios between efficiencies in simulations and experiments with constant h and droplets’ 

surface velocity set to 0.2 m/s 
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When simulations temperatures where compared to experiment data, oddities at first 5 

minutes and last 10 minutes were noticed. Therefore, the temperatures are compared only 

between 5 and 40 minutes in test time. The differences during first 5 minutes are result 

from alternation between initial conditions in the models and experiment setup for 

example with actual heptane or water flows during first minutes may have been different 

in the model and the experiment. In addition, rapid raise in the temperatures in 

experimental data during firs couple of minutes, may have cause some error in data 

digitization from Figure 53. To minimize a needed computational time, number of 

particles were limited by setting maximum particle age at 20 seconds. This mean that 

particles were removed from the simulations 20 s after they were inserted into the models. 

Although this does not seem to cause noticeable error while sprinkler was on, it seems 

that the vanishing particles cause nonrealistic temperature raise at the wetted surfaces, 

therefore comparison between temperatures after heating and sprinklers were set of at 40 

minutes, is ignored in conflations. 

In situations where surface cooling by water sprays is in important role, as it is in these 

micro scale cases, the differences between two studied htc:s can cause great divergence 

in results with the FDS simulation. While constant htc value of 300 W/m2s is used, heat 

fluxes are only the fractions from the correct values from the actual experiment as well 

from the results when the other htc, based on an empirical Nusselt number equation, was 

used. When heat fluxes are constant or nearly constant, this means much higher surface 

temperatures with the simplest htc. Therefore, it is highly recommended to use the more 

complicate Nusselt number based heat transfer coefficient when direct surface cooling of 

the surfaces is in important role in the model. Especially because the more advanced htc 

model did not mean raised CPU-times, when compared in this study.  

3.4.1.2 Macro scale simulations 

The Micro scale cases gave good opportunity to study the droplet’s surface cooling 

properties, but surface temperatures in sprinklered fires relay to many other matters than 

direct heat transfer between the droplets and the surfaces. The macro scale case gave 

needed information how the two different htc effects simulation results in realistic room 

fire scene. Comparisons are done with upper enclosure gas temperatures, truss 

temperatures (T1-T12) and ceiling’s steel profile sheet temperatures (T48-T50), which 

were from (Vaari, Fire protection of steel structures by a sprinkler system, 2011). The 

exact locations are shown in figure 23, But the exact order of the measurement point, at 

those location, is uncertain and therefore measurements are studied in the group of four 

point from every individual sides of that location. Values of FDS simulations in figures, 

which are taken from original VTT research paper, are results from simulations conducted 

by VTT. Those simulations were done with previous version of FDS and therefore gives 

information how the simulation program is developed during the last couple of years. 

Those results also help to ensure that the simulation model used in this thesis represents 

the experiment well. 
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Figure 23. Temperature measurement points used in burntests (Vaari, 2011) 

 

3.4.1.2.1 Freeburn simulations 

Results with freeburn simulation shows if the model geometry and material properties are 

correct and if the model itself is reliable platform for the water spray simulations. 

Initially the freeburn simulation gave significantly too low temperatures at measurement 

point T48 - T50, which were located in 1 mm inside from the front surface of the ceiling’s 

steel profile. The temperature for the ceiling profile was measured a little bit over 200 °C 

at the most, whereas in actual burn test the temperature reached over 700 °C. Reason to 

this error was found from the way how specific heat of steel was given in macro scale 

models. In these models, specific heat was taken straight from Eurocode 3, where carbon 

steel’s specific heat is given with two-part equation of temperature function from 20 to 

900 °C. This equation takes into account high peak of carbon steel’s specific heat at 

temperature around 735 °C, where crystal structure of the steel changes and specific heat 

rises dramatically inside the narrow temperature band. It seems that this quick peak 

confuses FDS’s 1-D numerical solution to inside wall temperature. When the highest peak 

from the specific heat curve was cut off, the ceiling profile’s temperature raised to 700 

°C in the simulation. Differences between two specific heats tried with the models is 

shown in Figure 24. The peak effected only to these tree measurement points T48 - T50. 

All other measurements in simulated freeburn and sprinkler cases were believable. 

Possible because the temperatures were lower in other cases, especially when water 

droplets were present.   
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Figure 24. Specific heat values of carbon steel used in simulations with and without narrow peak 

 

Average gas temperatures of the upper part of the enclosure and heat release rate 

measured during the actual experiment as well the corresponding data from VTT 

simulations can be seen from Figure 47. Simulation results from the model used in this 

study is shown in Figure 48. The new simulation done with FDS version 6.1.1 can predict 

the gas temperatures particularly well. In freeburn experiment, a temperature target was 

ISO834 temperatures, which were exceeded during first 15 minutes during burning test. 

These higher temperatures are not achieved in original VTT simulation, but are present 

in the new simulation. It is unclear if this is due to better model or more advanced 

simulation version. The steel temperatures from freeburn experiment and VTT’s 

simulation are shown in Figure 49. and corresponding temperatures from new simulation 

are shown in Figure 50. The temperatures in the trusses upper flange (T1-T8) were about 

100 C less in simulation than the temperatures measured in experiment during the whole 

time scale.  The truss diagonal’s temperature (T17-T20) has highest temperatures 

measured, nearly 800 C. The simulation achieves maximum temperature a little over 700 

C. Sheeting’s temperature was measured over 700 C in experiment and simulation. The 

new simulation shows temperatures that are more precise during first 10 to 15 minutes 

than the old simulation conducted by VTT. This difference is similar with the gas 

temperatures and is probably also caused by better gas temperatures. These around 100 

C or 12-14 % lower temperatures should be noticed with results from the sprinkler 

simulations.  

3.4.1.2.2 Sprinkler  

Sprinkler test gas temperature and hrr are showed in same manner as in freeburn test in 

Figure 51 and Figure 52. In the experiment, the gasses in the upper part of the enclosure 

have maximum temperatures from 250 to 320 °C. In the simulation, gas temperatures 

were between 220 and 300 before heating was ended at 40 minutes. The lowest gas 

temperatures were achieved when default 0.2 m/s droplet surface speed was used. The 

highest gas temperatures occurred with constant htc and 0.0 m/s droplet surface velocity. 

Altogether, the simulated gas temperatures represent accurately experimental data also 

when the sprinklers were involved. 

In sprinkler test, the steel temperatures were measured from Truss’s upper flange (T1-T4 

with 6 mm profile’s wall thickness, T5-T8 with 10 mm wall thickness) lower flange (T9- 

T12 with 6 mm wall thickness) and from ceiling’s steel sheeting (T48-T50 1.2 mm thick). 

Because this thesis studies water-cooling, also water densities from those measurement 

points were collected. The simulated cumulative water mass densities at measurement 

points can be seen in Figure 58. and Figure 59. This revealed that only three points were 

exposed to proper water fluxes. These point T9, T10 and T12 were located at the top and 

the sides of the lower flange and were exposed to water fluxes of 7.5 mm/min at the top 

0

1

2

3

4

5

0 200 400 600 800 1000

Sp
e

ci
fi

c 
h

e
at

 c
  (

W
/(

kg
*K

))

Temperature (°C)

c without peak
c with peak



38 

 

of the flange and 3.3 and 4.0 at the sides. An underside of the flange was covered from 

the direct water spray and its incident water density was only 0.0125 mm/min. All the 

other measurement points were exposed virtually nonexistent less than 0.009 mm/min 

water densities. Therefore, the lower flange temperatures are only ones that exactly 

represents surface temperatures under the direct water-cooling. The other measuring 

points show the somewhat indirect effect of sprinkler for the surface temperatures. There 

is no any experiment data showing how much water was actually fall on at certain parts 

inside the enclosure. Therefore, the comparison between the models and the experiment 

is difficult as such. This difficulty is shown particularly with an examination of the results 

from the lower flange. 

In Figure 25, the temperatures from simulations, where droplet surface velocity was set 

to 0.2 m/s, were compared to the experiment temperatures. At the upper flange of the 

truss (T1-T4 and T5-T8) Nusselt based htc gives temperatures that are 15 - 20 % lower 

than temperatures with constant htc. However, with T1-T4 this means that Nu based htc 

gives better results, but with T5-T8 constant htc is better.  It should be noted that, in 

experiment, temperatures were on average higher with T5-T8, even the profile at that 

point should be thicker and therefore heat a little bit slower, as seen in Figure 53. The 

Simulation gives temperatures that are more consistent. The thinner profile heats up 

marginally faster than the thicker one. These temperatures are showed in Figure 54 and 

Figure 55. In experiment, a flame could have heated unevenly the structures inside the 

enclosure due to reason that are impossible repeat with the simulation, for example air 

flows in the test hall caused by smoke ventilation. 

The measuring points T9-T12 are located at the lower flange. These are important point 

because these are the only studied points, which are under a proper water spray. There 

are only slight difference between two htc methods. The result follows the micro scale 

results, where differences between two heat transfer coefficients were almost vanished 

when water fluxes were raised. Although, the wf’s were much higher with micro scale 

when this phenomenon happened. Overall, the temperatures were circa 70 % of 

temperatures measured in experiment between test times 5-40 minutes. These too low 

temperatures may be caused by higher incident water fluxes in the model than in the 

experiment. The actual incident water densities were not measured in the experiment. 

Only average water density of 12,5 mm/min is given, while measured water densities in 

the model at the measure points were from 3.3 to 7.5 mm/min. A sprinkler head 

manufacturer provides a distribution patterns for the different sprinkler heads, but those 

distributions show only the maximum dimensions of the water cone not the correct water 

densities inside the spray cone. Therefore, the used sprinkler spray cone, although 

modeled as well as it was possible with given information, may give higher water density 

at the location of the measurement points T9-T12. 

 In both models, the ceiling temperatures T48-T50 rises 2 times higher than in the 

experiment during first 6 minutes of the burning test, but slowly the simulated 

temperatures settle to the same level between 250 - 300 °C as in the experiment. The 

profile temperatures follow closely the gas temperatures at the ceiling, which were 

accurately modelled in the simulations. Therefore, the accuracy with ceiling sheet 

temperatures should be high. 
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Figure 25. Ratios of measured temperatures between simulation and experiment data, when droplet’s 

surface speed is 0.2 m/s 

 

 
Figure 26. Ratios of temperatures between simulation and experiment data, when droplet’s surface 

speed is 0.0 m/s 

 

The simulation was run also with droplet’s surface velocity set to 0.0 m/s. This way the 

droplets stayed at the same spot at the surface where they landed until they were fully 

evaporated, or the simulation ended. This way the droplets had possibility to remove 

maximum amount of heat from the surface at that certain point. Nonmoving droplets, 

however, could cause also an opposite effect as seen from results in Figure 26, where 
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temperatures from simulations without droplets surface speed are shown. The 

temperatures with both htc models are generally the same or mildly higher than 

temperatures when droplets have default surface speed. 

At measuring points T1- T4, there is no the temperature difference between htc methods 

during first 20 minutes of the test. After that point, the Nusselt number based htc gives 

lower temperatures, but the temperatures are 1.8 and 1.9 times higher compared to the 

experiment temperatures at 40 min when burner was turned off. At these measurement 

points, the models with default temperatures are 25 % more accurate at the time when 

heating is stopped. 

At measuring points T5- T8, the model with constant htc have slightly lower temperatures 

than the model with Nusseld based htc, but at 20 min the roles changed. Until that switch, 

the temperatures were close to ones measured with default velocities, but at the 40 min 

the temperatures from default velocity model were 30 % closer to measured in the 

experiment. 

Measurement points T9-T12 shows some difference between two htc methods. The 

temperatures with Nusselt based htc were similar than the temperatures with model with 

default velocities. With constant htc, the temperatures are 30 % more accurate at the 40 

minutes. 

The ceiling profile temperatures T48-T50 act in same manner as with default velocities, 

but the temperatures stay 20 % higher at the most than experiment temperatures. 

 

 
Figure 27. Ratios of needed CPU-time trough simulation time. Red plot is ratio between Nusselt based 

htc and constant htc when droplets surface velocity is set to 0.0 m/s. Blue plot is same ratio when 

surface velocity is set to FDS’s default 0.2 m/s 

 

One of the most interesting question, especially with the macro scale model, was needed 

CPU time due to the macro scale model’s close resemblance to real-life engineering 

problems commonly solved with FDS and time is one of the key factors in engineering 

world. Therefore, after small raise in needed time with micro scale model, the macro 

scale model, unfortunately, were sensitive for the different heat transfer models. Ratios 

of needed CPU-times are showed in Figure 28. 

While the droplets’ surface velocities were kept at default values, the needed CPU-time 

raise with Nusselt based htc compared to constant htc were around 5 %. This can be 

regard an acceptable raise in the CPU-times for the improved results. However, when 

surface velocities were set to 0 m/s, The CPU-time difference was 40% between the two 

htc methods. In actual time, these higher times needs mean 2.8 hours more between the 
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default velocity models and the model with Nusselt based htc and 0.0 m/s droplet’s 

surface velocity was 27.2 hours slower to run trough than its default htc counterpart 

was. The models with different velocities were run with different computer 

configurations, thus, they are not comparable to each other. The difference in CPU-time 

ratios is caused by higher particle count with 0.0 m/s velocity models, where particles 

stayed in the computational domain until they reached the preset maximum time 20s. 

When as the moving particles ended up to a model’s floor sooner, where they were 

removed from the simulation. Highest particle counts in the models were circa 33*104 

particles in models with 0.0 m/s surface velocities and around 18*104 particles in 

models with default velocity. These type of particle counts are common with sprinkler 

simulations. Large amount of the particles leads to a situation where particle related 

calculations could take the majority of needed CPU-time. In these macro scale models, 

the particle calculations were 58-71 % of all CPU-times, therefore it is important to 

focus on particles effect to CPU-times.  
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3.5 Uncertainty analysis 

3.5.1 Micro scale 

3.5.1.1 Experiments 

Somasundaram and Tay give following uncertainties to their study.  Temperatures have 

uncertainty of ± 3C at the most. Power measurements have the uncertainty in total about 

5 %. Flow rate uncertainty is about 2 % and water pressure about 1 %. From their 

experimental data, Somasundaram and Tray calculated heat transfer coefficients, which 

they estimated to have maximum uncertainty of ± 8 %. This value can be safety used as 

the total uncertainty for Somasundaram and Tay’s experimental data used in this thesis. 

Jia and Qiu give following uncertainties to their experiment data. An estimated error for 

surface temperatures is ± 0.8 C. For the uncertainty of heat fluxes, they have estimated ± 

6 W/m2. For the water mass flow rates, they expected the uncertainty to be about ± 5 %. 

3.5.1.2 Simulations 

Unlike with actual experiments, where surface temperatures had to be extrapolated, the 

surface temperatures in simulations were fixed at wanted temperatures. Therefore, the 

temperatures in simulation data are correct. 

To avoid numerical instability, at moment when particle spray initially impacted to the 

hot surface, the used particle per second count had to be raised so high in the all simulation 

cases, that the used value approached to an estimated actual droplet count in the 

experiments. Therefore, errors due to too low particle count are implausible. 

Heat fluxes that present in the simulations are combination of simulated radiation, 

convective and water droplets heat fluxes. Simulated radiative and convective heat fluxes 

may differ from actual values in experiments because nonmodeled surroundings of the 

heated copper device and inaccuracies in simulation program. However, the role of 

radiation and convection, in these cases, are minor to whole heat fluxes. ~1 % with 

Nusselt based heat transfer coefficiencies and ~10 % with constant htc. Thus, the error in 

radiative and convective hf can be seen trivial. 

In simulations of Somasundaram and Tay’s experiments, the nozzle is located exactly as 

it is descripted in a research report. In addition, the spray angles and the flow rates are 

modelled as they are descripted in the report. However, during simulation runs measured 

water fluxes were 2 % too low at the most. This is probably caused by differing airflows 

between simulation models. The error was greater in simulations with hotter surfaces, 

where higher temperatures may have caused stronger airflow against the spray. Although, 

this phenomenon has probably been present also in the actual experiments, where water 

fluxes were measured with bucket test without the heated surface. 

In simulations of Jia and Qiu’s experiments, the nozzle height and spray angles were 

unknown. Used flow rates were achieved with trial and error using simulated bucket test 

with 20 °C hot plates. The measured water fluxes during the simulation runs were 7 % 

too low at the most. 
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3.5.2 Macro scale 

3.5.2.1 Experiments 

An uncertainty analyses were not conducted in the VTT’s report paper, but some of the 

relevant uncertainties can be discussed here.   

In experiments, temperatures were measured with k-type thermocouples. The standard k-

type thermocouples have temperature error +-2.2 C or 0.75 % with temperatures over 293 

C. In sprinklered experiments, the temperatures stayed below that value. For highest 

experiment temperatures around 700 C the error is circa +-5 %.  The thermocouples depth 

variation also causes minor error in the temperature measurements. 

Used heat release rates are calculated from heptane flow rate, which is estimated from the 

pipe pressure. It can be assumed that used heptane was pure and therefore the heat of 

combustion is accurately known. The error with system pressure measurement can be 

estimated to be insignificant for the HRR. 

The sprinkler system used in the experiment, were designed by professional and 

experienced sprinkler system designer. Therefore, it can be assumed that there is no 

significant errors in the actual water densities. 

3.5.2.2 Simulations 

The most prominent uncertainty in simulations is incident water density at the lower 

flange of the truss. This part of the truss is only place were temperature measurement 

points were directly exposed to the sprinklers’ water spray, thus giving the most important 

knowledge for the subject of this thesis. 

The water flux density at the top of the lower flange were around 7.5 mm/min, which is 

below the design value of 12.8 mm/min at the enclosure floor. The flange is located 

relatively close to the sprinkler heads and therefore it should have been exposed to higher 

water fluxes than the enclosure floor. On the other hand, only the edge of the water cone 

touched the flange in the simulation, which could have led to the lower water flux 

densities at the lower flange surfaces. 

The water cone shape is determined from sprinkler head manufacturer’s material in 

Figure 15.  Determination method is more closely descripted in chapter 3.3.2.2. The outer 

dimension of the water cone was possible to define from Figure 15, but the effect of the 

deflector to inner part of the spray cone cannot be determined from the picture. Used 

value of 5° is pure estimation. The correct value could have been higher, but this would 

have probably raised the water flux density at the lower flange.  

The used droplets’ mean diameter 1400 µm was taken from VTT’s research report. The 

value may be slightly too high, but gave better correlation in the gas temperatures in the 

VTT’s simulations, as well in the simulation in this thesis. The diameter effects to the 

droplet’s interactions with gases, when the spray with bigger droplets spreads less than 

with smaller droplets. This could cause minor differences in the water flux densities at 

the surfaces.  

An actualized heat releasing rates in the simulation follow the input values from the 

research paper, although the HRRs in the simulations have some noise, which caused 

variation in the gas temperatures. 

The correct height for the measurement points of the gas temperatures were unknown. In 

simulations, the enclosure’s upper part gas temperatures were measured from heights 5.5, 

5.7, 5.9 m. The values measured from height 5.7 were closet to the experiment data in the 

freeburn test, therefore that height was used also in simulations with sprinklers. 

The surface temperatures were measured from the 1 mm below the surfaces. This value 

was not said in the report and used value is an estimation. 
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In FDS, a heat transfer through the surfaces were resolved one-dimensional calculation. 

Therefore, the direct heat transfer from one cell to another is not modeled. This could 

have cause more temperature variation between locations at the flange surface in the 

models than in the experiments. 

 

3.6 Discussion 

 

When FDS is used to simulate heat transfer between surface and liquid with its default 

simplified hf-model, results can have great difference compared to experimental data. At 

least in cases where surface temperatures are highly dependent on water cooling. 

Therefore, this current model is insufficient tool to study these kinds of cases. With more 

complex hf-model that is studied in this thesis, surface temperatures follow experimental 

data more closely. However, there is still situation where this hf-model fails to predict 

surface temperatures. This variation in result depends on fluid velocity on surface and 

temperature differences between surface and liquid. It seems that more complex hf-model 

don’t take into account all vital phenomena that is needed to simulate accurately this kind 

of heat transfer. Now studied model consist only more complex equations to heat transfer 

coefficient, but this kind of heat transfer also depends greatly on flow speed and phase 

change from liquid to vapor. For more accurate model, droplets surface velocity submodel 

should be improved and changes to heat transfer due to boiling should be modeled at least 

at some level. 

It is also a question if used heat transfer coefficient equations are suitable to use to 

simulate heat transfer to droplets. 
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4 Conclusions 
During this study, many problems raised out that effect to a heat transfer between droplets 

and a surface. Although, surface temperatures in macro scale cases were, in overall, 

decently accurate, a lack of the prober heat transfer model was shown when the surface 

temperatures of the measurement points exposed to a direct water spray were studied in 

macro scale simulations. If FDS is wanted to be used to study the droplets direct water 

cooling on the surfaces, many inside models should be improved. The main problem, that 

effect to the results of this thesis, was a poor suitability of the used Nusselt number 

equation for droplets or thin fluid films. The used equations are intended for    situations 

where fluid flow’s velocity layer is fully formed, which is not the case with small droplets.  

The equation also ignores an effect of the boiling to the heat transfer. The boiling makes 

significant increase to fluids heat transfer capabilities when surface temperatures are 

around fluid’s boiling point. For this transient boiling, where heat transfer rises when 

boiling point is exceeded, there have been derived equations. These types of equations 

could be added to FDS. However, in macro scale simulations, the absence of the boiling 

model did not cause significant error in the surface temperatures. This was probably due 

to short time period when steel temperatures and heat fluxes where high enough to cause 

boiling at the measurement points under constant water spray. 

Another matter that can affect at hf between surface and droplets are velocities of the 

droplets. In FDS droplets have constant fixed velocity on the surface that doesn’t consider 

if water spray is forced to the surface or how course the surface is. This can let droplets 

leave from hot surface more quickly or too slowly that they would in real world. 

Therefore, droplets don’t absorb right amount of heat from the surface than they should 

even if the heat transfer coefficient would have calculated correctly. To improve heat 

transfer modeling, droplets should conserve their momentum when enter from the air on 

the surface and also let surface effect to this momentum. 

Because the field of fire safety engineering is the main user of the FDS, an accuracy of 

the model in the macro scale simulations is the most interesting part of this study. 

Therefore, it is good to point out that sample size of the surfaces under a direct water 

spray was limited only at one group of measurement points at the lower flange of the steel 

truss. Therefore, the models of the heat transfer between droplet and surface in this case 

is studied too limitedly to draw any proper conclusions of the model’s functionality in 

macro scale simulations of the room fires. If there is willing to improve these models, 

more relevance data is needed. 

Luckily, straight heat transfer between surface and liquid don’t act that notable part in 

overall steel temperatures when room fires with sprinklers are studied. Sprinklers cool 

gas temperatures and hot surfaces quickly to levels where hf between surface and droplets 

is negligible. Therefore, FDS is useful and accurate tool to study and predict surface 

temperatures in common fire engineering cases where sprinklers are present even when 

simplified hf-model is used. Improvements are only needed if program is used to study 

more experimental cases of water based cooling. These limitations should be mentioned 

in programs documentation. 
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Micro scale simulation models’ input file example 

Somasundaram & Tay 
&HEAD CHID='soma'/  
 
TITLE='S. Somasundaram, A.A.O. Tay, Comparative study of intermittent spray cooling in single and two 
phase regimes, International Journal of Thermal Sciences 74 (2013) 174-182' /  
 
----------------------------------------------- 
 
Water flux is measured with AMPUA when TMP_FRONT=22 
 
PART DIAMETER=24.0 is approximation based on article "Experimental investigation of droplet dynamics and heat 
transfer in spray cooling", W. Jia , H.-H. Qiu, Experimental Thermal and Fluid Science 27 (2003) 829–838 
 
max particle count = FLOW_RATE/(1/6*pi*(DIAMETER)^3 = 5.8314e+06 
 
Particle velocity from eq. v=0.6*(2*deltap/rho)^0.5  => 2bar:12m/s 4bar:17m/s 5bar:19m/s 
 
spray angle from Fig 2. in 'S. Somasundaram, A.A.O. Tay, Comparative study of intermittent spray cooling in single and 
two phase regimes, International Journal of Thermal Sciences 74 (2013) 174-182' 
 
Nozzle: TG SS 0.3  
Spraying systems Unijet spray tip 
 
----------------------------------------------- 
 
&TIME T_END=0.5, WALL_INCREMENT = 1, SYNCHRONIZE=.FALSE. / 
 
&MESH ID='mesh1', IJK=30,30,30, XB=0.0,0.0750, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh2', IJK=30,30,30, XB=0.080,0.155, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh3', IJK=30,30,30, XB=0.160,0.235, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh4', IJK=30,30,30, XB=0.240,0.315, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh5', IJK=30,30,30, XB=0.320,0.395, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh6', IJK=30,30,30, XB=0.400,0.475, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh7', IJK=30,30,30, XB=0.480,0.555, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh8', IJK=30,30,30, XB=0.560,0.635, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh9', IJK=30,30,30, XB=0.640,0.715, -0.0375,0.0375, 0.0,0.0750, / 
&MESH ID='mesh10', IJK=30,30,30, XB=0.720,0.795, -0.0375,0.0375, 0.0,0.0750, / 
 
&MISC PARTICLE_CFL=.TRUE., CONSTANT_H_SOLID = .FALSE. / 
 
&RADI NUMBER_RADIATION_ANGLES = 50 / 
 
&DUMP              DT_SLCF = 0.01 
                           DT_BNDF = 0.01 
                           DT_PART = 0.01 / 
 
&VENT MB='XMIN' SURF_ID = 'OPEN' / 
&VENT MB='XMAX' SURF_ID = 'OPEN' / 
&VENT MB='YMIN' SURF_ID = 'OPEN' / 
&VENT MB='YMAX' SURF_ID = 'OPEN' / 
&VENT MB='ZMIN' SURF_ID = 'OPEN' / 
&VENT MB='ZMAX' SURF_ID = 'OPEN' / 
 
 
&OBST XB=0.02500,0.0500, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC'/  
&OBST XB=0.10500,0.1300, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC'/  
&OBST XB=0.18500,0.2100, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_3','ADIABATIC','ADIABATIC'/  
&OBST XB=0.26500,0.2900, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_4','ADIABATIC','ADIABATIC'/  
&OBST XB=0.34500,0.3700, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_5','ADIABATIC','ADIABATIC'/  
&OBST XB=0.42500,0.4500, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_6','ADIABATIC','ADIABATIC'/  
&OBST XB=0.50500,0.5300, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_7','ADIABATIC','ADIABATIC'/  
&OBST XB=0.58500,0.6100, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_8','ADIABATIC','ADIABATIC'/  
&OBST XB=0.66500,0.6900, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_9','ADIABATIC','ADIABATIC'/  
&OBST XB=0.74500,0.7700, -0.0125,0.0125, 0.000,0.005, SURF_IDS='BLOCK_HOT_10','ADIABATIC','ADIABATIC'/ 
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&SURF  ID='BLOCK_HOT_1', TMP_FRONT=60  
 COLOR='GRAY 10'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_2', TMP_FRONT=80 
 COLOR='GRAY 20'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_3', TMP_FRONT=90  
 COLOR='GRAY 30'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_4', TMP_FRONT=95 
 COLOR='GRAY 40',  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_5', TMP_FRONT=100  
 COLOR='GRAY 50'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_6', TMP_FRONT=105  
 COLOR='GRAY 60'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_7', TMP_FRONT=110 
 COLOR='GRAY 70'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_8', TMP_FRONT=115  
 COLOR='GRAY 80'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_9', TMP_FRONT=120  
 COLOR='GRAY 90'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_10', TMP_FRONT=125  
 COLOR='WHITE'  
      TAU_T=0 / 
 
&SURF ID='ADIABATIC', COLOR='GOLDENROD' ADIABATIC=.TRUE. DEFAULT = .TRUE. / 
 
 
&SPEC ID='WATER VAPOR'/  
&PART  ID='Water drop', 
                             SAMPLING_FACTOR = 10 
       SPEC_ID='WATER VAPOR' 
 INITIAL_TEMPERATURE=22.0 
       DIAMETER=24.0  
 HORIZONTAL_VELOCITY = 0.0 /      
 
 
 
--------------------2 bar---------------------- 
 
&PROP  ID='water spray' 
 OFFSET=0.002 
 PART_ID='Water drop', 
 FLOW_RATE=0.1881 
 PARTICLE_VELOCITY=12 
 SPRAY_ANGLE=0.0, 25.0 
 SPRAY_PATTERN_SHAPE='UNIFORM' 
 PARTICLES_PER_SECOND = 100000 / 
 
Nozzle height is 26 mm from the plate, i.e. 26 +5 mm = 31 m 
&DEVC ID='nozzle_1', PROP_ID='water spray', XYZ=0.0375, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_2', PROP_ID='water spray', XYZ=0.1175, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_3', PROP_ID='water spray', XYZ=0.1975, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_4', PROP_ID='water spray', XYZ=0.2775, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_5', PROP_ID='water spray', XYZ=0.3575, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_6', PROP_ID='water spray', XYZ=0.4375, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_7', PROP_ID='water spray', XYZ=0.5175, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_8', PROP_ID='water spray', XYZ=0.5975, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_9', PROP_ID='water spray', XYZ=0.6775, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle_10', PROP_ID='water spray', XYZ=0.7575, 0.0, 0.031, QUANTITY='TIME', SETPOINT=0.0 / 
 
 
&BNDF QUANTITY='CPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='AMPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='MPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='NET HEAT FLUX' / 
&BNDF QUANTITY='WALL TEMPERATURE' / 
 
&SLCF QUANTITY='VELOCITY', PBY=0.0 / 
&SLCF QUANTITY='MPUV', PBY=0.0, PART_ID='Water drop' / 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='WATER VAPOR' PBY=0.0 / 
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&DEVC XYZ=0.0375,0,0.005, IOR=3 QUANTITY = 'WALL TEMPERATURE', ID='T_1'  / 
&DEVC XYZ=0.0375,0,0.005, IOR=3 QUANTITY = 'NET HEAT FLUX', ID='NHF_1' / 
&DEVC XYZ=0.0375,0,0.005, IOR=3 QUANTITY = 'CPUA' PART_ID = 'Water drop', ID='CPUA_1' / 
&DEVC XYZ=0.0375,0,0.005, IOR=3 QUANTITY = 'AMPUA' PART_ID = 'Water drop', ID='AMPUA_1' / 
&DEVC XB=0.02500,0.0500, -0.0125,0.0125, 0.005,0.005, IOR=3, QUANTITY = 'NET HEAT FLUX', ID='NHF_I_1', 
STATISTICS='SURFACE INTEGRAL' / 
&DEVC XB=0.02500,0.0500, -0.0125,0.0125, 0.005,0.005, IOR=3, QUANTITY = 'CPUA', PART_ID = 'Water drop', 
ID='CPUA_I_1', STATISTICS='SURFACE INTEGRAL' / 
&DEVC XB=0.02500,0.0500, -0.0125,0.0125, 0.005,0.005, IOR=3, QUANTITY = 'AMPUA', PART_ID = 'Water drop', 
ID='AMPUA_I_1', STATISTICS='SURFACE INTEGRAL' / 
    
 
 
&TAIL/ 
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Jia & Qiu 
&HEAD CHID='jia'/ 
 
TITLE='W. Jia, H.-H. Qiu, Experimental investigation of droplet dynamics and heat transfer in spray cooling, 
Experimental Thermal and Fluid Science 27 (2003) 829–83' /  
 
----------------------------------------------- 
 
Water flux is measured with AMPUA when TMP_FRONT=22,  
FLOW_RATE=0.00101 => 0.1561kg/(s*m^2). In experiment data 0.156 kg/(s*m^2) 
FLOW_RATE=0.00190 => 0.3100kg/(s*m^2). In experiment data 0.310 kg/(s*m^2) 
FLOW_RATE=0.00322 => 0.5381kg/(s*m^2). In experiment data 0.538 kg/(s*m^2) 
FLOW_RATE=0.00494 => 0.8476kg/(s*m^2). In experiment data 0.847 kg/(s*m^2) 
FLOW_RATE=0.00702 => 1.2046kg/(s*m^2). In experiment data 1.200 kg/(s*m^2) 
 
particle velocity=5 from Fig.5. (Jia& Qiu, 2003) 
 
PART DIAMETER=24.0 is approximation based on Fig. 5. 
 
max particle count = FLOW_RATE/(1/6*pi*(DIAMETER)^3 = 1.0911e+06 
 
Nozzle: TG SS 0.3  
Spraying systems Unijet spray tip 
 
----------------------------------------------- 
 
&TIME T_END=0.5, WALL_INCREMENT = 1, SYNCHRONIZE=.FALSE.  / 
 
 
&MESH ID='mesh1', IJK=20,20,20, XB=0.00,0.02, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh2', IJK=20,20,20, XB=0.03,0.05, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh3', IJK=20,20,20, XB=0.06,0.08, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh4', IJK=20,20,20, XB=0.09,0.11, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh5', IJK=20,20,20, XB=0.12,0.14, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh6', IJK=20,20,20, XB=0.15,0.17, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh7', IJK=20,20,20, XB=0.18,0.20, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh8', IJK=20,20,20, XB=0.21,0.23, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh9', IJK=20,20,20, XB=0.24,0.26, -0.01,0.01, 0.00,0.02, / 
&MESH ID='mesh10', IJK=20,20,20, XB=0.27,0.29, -0.01,0.01, 0.00,0.02, / 
 
&MISC PARTICLE_CFL=.TRUE., CONSTANT_H_SOLID = .TRUE. / 
 
 
&RADI NUMBER_RADIATION_ANGLES = 50 / 
 
 
&DUMP                DT_SLCF = 0.001  
                             DT_BNDF = 0.001  
                             DT_PART = 0.001 / 
 
    
    
&VENT MB='XMIN' SURF_ID = 'OPEN' / 
&VENT MB='XMAX' SURF_ID = 'OPEN' / 
 
&VENT MB='YMIN' SURF_ID = 'OPEN' / 
&VENT MB='YMAX' SURF_ID = 'OPEN' / 
 
&VENT MB='ZMAX' SURF_ID = 'OPEN' / 
 
 
 
&OBST XB=0.007,0.013,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.013,0.015,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.005,0.007,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.009,0.011,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.009,0.011,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.006,0.007,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.006,0.007,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.014,0.013,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
&OBST XB=0.014,0.013,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_1','ADIABATIC','ADIABATIC' /  
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&OBST XB=0.037,0.043,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.043,0.045,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.035,0.037,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.039,0.041,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.039,0.041,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.036,0.037,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.036,0.037,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.044,0.043,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' /  
&OBST XB=0.044,0.043,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_2','ADIABATIC','ADIABATIC' / 
  
&OBST XB=0.067,0.073,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.073,0.075,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.065,0.067,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.069,0.071,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.069,0.071,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.066,0.067,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.066,0.067,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.074,0.073,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.074,0.073,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_3','ADIABATIC',’ADIABATIC’ /  
  
&OBST XB=0.097,0.103,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.103,0.105,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.095,0.097,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.099,0.101,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.099,0.101,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.096,0.097,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.096,0.097,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.104,0.103,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.104,0.103,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_4','ADIABATIC',’ADIABATIC’ /  
  
&OBST XB=0.127,0.133,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.133,0.135,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.125,0.127,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.129,0.131,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.129,0.131,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.126,0.127,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.126,0.127,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.134,0.133,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.134,0.133,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_5','ADIABATIC',’ADIABATIC’ /  
  
&OBST XB=0.157,0.163,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.163,0.165,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.155,0.157,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.159,0.161,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.159,0.161,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.156,0.157,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.156,0.157,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.164,0.163,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.164,0.163,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_6','ADIABATIC',’ADIABATIC’ /   
 
&OBST XB=0.187,0.193,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.193,0.195,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.185,0.187,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.189,0.191,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.189,0.191,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.186,0.187,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.186,0.187,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.194,0.193,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.194,0.193,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_7','ADIABATIC',’ADIABATIC’ /   
 
&OBST XB=0.217,0.223,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.223,0.225,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.215,0.217,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.219,0.221,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.219,0.221,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.216,0.217,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.216,0.217,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.224,0.223,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.224,0.223,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_8','ADIABATIC',’ADIABATIC’ /   
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&OBST XB=0.247,0.253,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.253,0.255,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.245,0.247,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.249,0.251,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.249,0.251,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.246,0.247,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.246,0.247,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.254,0.253,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.254,0.253,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_9','ADIABATIC',’ADIABATIC’ /   
 
&OBST XB=0.277,0.283,-0.004,0.004,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.283,0.285,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.275,0.277,-0.001,0.001,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.279,0.281,0.004,0.005,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.279,0.281,-0.004,-0.005,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.276,0.277,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.276,0.277,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.284,0.283,0.001,0.003,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
&OBST XB=0.284,0.283,-0.001,-0.003,0,0.001, SURF_IDS='BLOCK_HOT_10','ADIABATIC',’ADIABATIC’ /   
 
 
 
&SURF  ID='BLOCK_HOT_1', TMP_FRONT=60  
 COLOR='GRAY 10'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_2', TMP_FRONT=80 
 COLOR='GRAY 20'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_3', TMP_FRONT=90  
 COLOR='GRAY 30'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_4', TMP_FRONT=95 
 COLOR='GRAY 40',  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_5', TMP_FRONT=100  
 COLOR='GRAY 50'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_6', TMP_FRONT=105  
 COLOR='GRAY 60'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_7', TMP_FRONT=110 
 COLOR='GRAY 70'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_8', TMP_FRONT=115  
 COLOR='GRAY 80'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_9', TMP_FRONT=120  
 COLOR='GRAY 90'  
      TAU_T=0 / 
&SURF  ID='BLOCK_HOT_10', TMP_FRONT=125  
 COLOR='WHITE'  
      TAU_T=0 / 
 
   
&SURF ID='ADIABATIC', COLOR='GOLDENROD' ADIABATIC=.TRUE. DEFAULT = .TRUE. / 
 
 
 
&SPEC ID='WATER VAPOR'/  
&PART ID='Water drop' 
        SAMPLING_FACTOR = 1 
 SPEC_ID='WATER VAPOR' 
 INITIAL_TEMPERATURE=22.0 
       DIAMETER=24.0 
 HORIZONTAL_VELOCITY = 0.0 /     
      
&PROP ID='water spray' 
 OFFSET=0.002 
 PART_ID='Water drop' 
 FLOW_RATE=0.00101  
 PARTICLE_VELOCITY=5.0 
 SPRAY_ANGLE=0.0, 25.0 
 SPRAY_PATTERN_SHAPE='UNIFORM' 
 PARTICLES_PER_SECOND = 1000000 / 
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&DEVC ID='nozzle1', PROP_ID='water spray', XYZ=0.01, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle2', PROP_ID='water spray', XYZ=0.04, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle3', PROP_ID='water spray', XYZ=0.07, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle4', PROP_ID='water spray', XYZ=0.10, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle5', PROP_ID='water spray', XYZ=0.13, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle6', PROP_ID='water spray', XYZ=0.16, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle7', PROP_ID='water spray', XYZ=0.19, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle8', PROP_ID='water spray', XYZ=0.22, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle9', PROP_ID='water spray', XYZ=0.25, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle10', PROP_ID='water spray', XYZ=0.28, 0.0, 0.02, QUANTITY='TIME', SETPOINT=0.0 / 
 
 
&BNDF QUANTITY='CPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='AMPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='MPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='WALL TEMPERATURE' / 
 
 
&SLCF QUANTITY='VELOCITY', PBY=0.0 / 
&SLCF QUANTITY='MPUV', PBY=0.0, PART_ID='Water drop' / 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='WATER VAPOR' PBY=0.0 / 
 
 
&DEVC XYZ=0.01, 0.0, 0.001, IOR=3 QUANTITY = 'WALL TEMPERATURE', ID='T_1' /  
&DEVC XYZ=0.01, 0.0, 0.001, IOR=3 QUANTITY = 'NET HEAT FLUX', ID='NHF_1' / 
&DEVC XYZ=0.01, 0.0, 0.001, IOR=3 QUANTITY = 'CPUA', PART_ID = 'Water drop', ID='CPUA_1' / 
&DEVC XYZ=0.01, 0.0, 0.001, IOR=3 QUANTITY = 'AMPUA' PART_ID = 'Water drop', ID='AMPUA_1' / 
&DEVC XB=0.005,0.015, -0.005,0.005, 0.001,0.001, IOR=3, QUANTITY = 'NET HEAT FLUX', ID='NHF_I_1', 
STATISTICS='SURFACE INTEGRAL', SURF_ID='BLOCK_HOT_1' / 
&DEVC XB=0.005,0.015, -0.005,0.005, 0.001,0.001, IOR=3, QUANTITY = 'CPUA', PART_ID = 'Water drop', 
ID='CPUA_I_1', STATISTICS='SURFACE INTEGRAL', SURF_ID='BLOCK_HOT_1'  / 
&DEVC XB=0.005,0.015, -0.005,0.005, 0.001,0.001, IOR=3, QUANTITY = 'AMPUA', PART_ID = 'Water drop', 
ID='AMPUA_I_1', STATISTICS='SURFACE INTEGRAL', SURF_ID='BLOCK_HOT_1'  / 
 
 
 
&TAIL/ 
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Macro scale simulation models’ input file example 
 
&HEAD CHID='Outi_HCF'/ 
 
TITLE='VTT-R-2747-11 /EN' /  
 
&TIME T_END=3000.0, WALL_INCREMENT = 1 / 
 
 
&MESH ID='mesh', IJK=40, 40, 30, XB=-1.0,7.0, -1.0,7.0, 0.0, 6.0 / 
 
 
&MISC PARTICLE_CFL=.FALSE., CONSTANT_H_SOLID = .FALSE., ALLOW_UNDERSIDE_PARTICLES=.TRUE., 
RESTART=.TRUE. 
 /CONSTANT_H_SOLID liittyy partikkelien lämmönsiirtoon 
 
 
&REAC ID = 'R1',FUEL ='N-HEPTANE' / 
 
 
&DUMP DT_SLCF = 10.0 
      DT_BNDF = 10.0 
      DT_PART = 10.0 
 DT_RESTART=30/ 
 
 
&VENT MB='XMIN' SURF_ID = 'OPEN' / 
&VENT MB='XMAX' SURF_ID = 'OPEN' / 
&VENT MB='YMIN' SURF_ID = 'OPEN' / 
&VENT MB='YMAX' SURF_ID = 'OPEN' / 
&VENT MB='ZMIN' SURF_ID = 'concrete' / 
&VENT XB=-1.0, 6.0, -1.0, 0.0, 6.0, 6.0 SURF_ID = 'OPEN' / 
&VENT XB=6.0,7.0, -1.0, 6.0, 6.0, 6.0 SURF_ID = 'OPEN' / 
&VENT XB=-0.0,7.0, 6.0,7.0, 6.0, 6.0 SURF_ID = 'OPEN' / 
&VENT XB=-1.0, 0.0, 0.0,7.0, 6.0, 6.0 SURF_ID = 'OPEN' / 
 
 
--------------------------------------------------enclosure 
&OBST XB=0.0, 6.0, -0.2, 0.0, 1.4, 6.0, SURF_ID='wall', COLOR='CORNFLOWER BLUE',TRANSPARENCY=0.05, 
OUTLINE=.TRUE. /  
&OBST XB=0.0, 6.0, 6.0, 6.2, 1.4, 6.0, SURF_ID='wall', COLOR='CORNFLOWER BLUE',TRANSPARENCY=0.05, 
OUTLINE=.TRUE. /  
&OBST XB=-0.2, 0.0, 0.0, 6.0, 1.4, 6.0, SURF_ID='wall', COLOR='CORNFLOWER BLUE',TRANSPARENCY=0.05, 
OUTLINE=.TRUE. /  
&OBST XB=6.0, 6.2, 0.0, 6.0, 1.4, 6.0, SURF_ID='wall', COLOR='CORNFLOWER BLUE',TRANSPARENCY=0.05, 
OUTLINE=.TRUE. / 
&VENT XB=0.0, 6.0, 0.0, 6.0, 6.0, 6.0, SURF_ID='roof',COLOR='CORNFLOWER BLUE',TRANSPARENCY=0.05, 
OUTLINE=.TRUE. / 
 
-------------------------------------------------platform 
&OBST XB=0.2, 5.8, 0.2, 5.8, 0.0, 0.2, SURF_ID='platform', COLOR='PEACH PUFF 3' / 
 
-------------------------------------------------burner 
&OBST XB=2.6, 3.4, 2.6, 3.4, 0.0, 0.2, SURF_IDS='FIRE','INERT','INERT' / 
 
-------------------------------------------------protect plate 
&OBST XB=2.0, 4.0, 2.0, 4.0, 1.2, 1.2, SURF_ID='plate', COLOR='MISTY ROSE 2' / 
 
-------------------------------------------------truss 
&OBST XB=3.0, 3.2, 0.0, 3.0, 5.6, 5.8, SURF_ID='steel6mm', COLOR='CRIMSON' /  
&OBST XB=3.0, 3.2, 3.0, 6.0, 5.6, 5.8, SURF_ID='steel10mm', COLOR='DARK ORANGE' / 
  
&OBST XB=3.0, 3.2, 1.2, 3.0, 4.2, 4.4, SURF_ID='steel6mm', COLOR='DODGERBLUE 2' / 
&OBST XB=3.0, 3.2, 3.0, 4.8, 4.2, 4.4, SURF_ID='steel8mm', COLOR='FIREBRICK' / 
  
&OBST XB=3.0, 3.2, 1.2, 1.4, 4.4, 4.6, SURF_ID='steel3mm', COLOR='FOREST GREEN' /  
&OBST XB=3.0, 3.2, 1.0, 1.2, 4.6, 4.8, SURF_ID='steel3mm', COLOR='FOREST GREEN' /  
&OBST XB=3.0, 3.2, 0.8, 1.0, 4.8, 5.0, SURF_ID='steel3mm', COLOR='FOREST GREEN' /  
&OBST XB=3.0, 3.2, 0.6, 0.8, 5.0, 5.2, SURF_ID='steel3mm', COLOR='FOREST GREEN' /  
&OBST XB=3.0, 3.2, 0.4, 0.6, 5.2, 5.4, SURF_ID='steel3mm', COLOR='FOREST GREEN' /  
&OBST XB=3.0, 3.2, 0.2, 0.4, 5.4, 5.6, SURF_ID='steel3mm', COLOR='FOREST GREEN' /  
 
&OBST XB=3.0, 3.2, 4.6, 4.8, 4.4, 4.6, SURF_ID='steel6mm', COLOR='GOLDENROD 2' /  
&OBST XB=3.0, 3.2, 4.8, 5.0, 4.6, 4.8, SURF_ID='steel6mm', COLOR='GOLDENROD 2' /  
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&OBST XB=3.0, 3.2, 5.0, 5.2, 4.8, 5.0, SURF_ID='steel6mm', COLOR='GOLDENROD 2' /  
&OBST XB=3.0, 3.2, 5.2, 5.4, 5.0, 5.2, SURF_ID='steel6mm', COLOR='GOLDENROD 2' /  
&OBST XB=3.0, 3.2, 5.4, 5.6, 5.2, 5.4, SURF_ID='steel6mm', COLOR='GOLDENROD 2' /  
&OBST XB=3.0, 3.2, 5.6, 5.8, 5.4, 5.6, SURF_ID='steel6mm', COLOR='GOLDENROD 2' /   
 
&OBST XB=3.0, 3.2, 1.6, 1.8, 4.4, 4.6, SURF_ID='steel4mm', COLOR='MEDIUM ORCHID 1' /  
&OBST XB=3.0, 3.2, 1.8,2.0, 4.6, 4.8, SURF_ID='steel4mm', COLOR='MEDIUM ORCHID 1' /  
&OBST XB=3.0, 3.2, 2.0,2.2, 4.8, 5.0, SURF_ID='steel4mm', COLOR='MEDIUM ORCHID 1' /  
&OBST XB=3.0, 3.2, 2.2,2.4, 5.0, 5.2, SURF_ID='steel4mm', COLOR='MEDIUM ORCHID 1' /  
&OBST XB=3.0, 3.2, 2.4,2.6, 5.2, 5.4, SURF_ID='steel4mm', COLOR='MEDIUM ORCHID 1' /  
&OBST XB=3.0, 3.2, 2.6,2.8, 5.4, 5.6, SURF_ID='steel4mm', COLOR='MEDIUM ORCHID 1' /  
 
&OBST XB=3.0, 3.2, 4.2, 4.4, 4.4, 4.6, SURF_ID='steel5mm', COLOR='DARK SLATE GRAY 3' /  
&OBST XB=3.0, 3.2, 4.0, 4.2, 4.6, 4.8, SURF_ID='steel5mm', COLOR='DARK SLATE GRAY 3' /  
&OBST XB=3.0, 3.2, 3.8, 4.0, 4.8, 5.0, SURF_ID='steel5mm', COLOR='DARK SLATE GRAY 3' /  
&OBST XB=3.0, 3.2, 3.6, 3.8, 5.0, 5.2, SURF_ID='steel5mm', COLOR='DARK SLATE GRAY 3' /   
&OBST XB=3.0, 3.2, 3.4, 3.6, 5.2, 5.4, SURF_ID='steel5mm', COLOR='DARK SLATE GRAY 3' /  
&OBST XB=3.0, 3.2, 3.2, 3.4, 5.4, 5.6, SURF_ID='steel5mm', COLOR='DARK SLATE GRAY 3' /  
 
 
---------------------------------------------WQ-------------------------------------- 
&OBST XB=2.4,2.6, 1.0, 3.0, 5.6, 5.8, SURF_ID='steel10mm', COLOR='LIME GREEN' / 
&OBST XB=2.4,2.6, 3.0, 5.0, 5.6, 5.8, SURF_ID='steel&concrete10mm', COLOR='MAGENTA' / 
&OBST XB=3.6, 3.8, 1.0, 3.0, 5.6, 5.8, SURF_ID='steel30mm', COLOR='PINK 1' / 
&OBST XB=3.6, 3.8, 3.0, 5.0, 5.6, 5.8, SURF_ID='steel&concrete30mm', COLOR='PEACOCK' / 
 
 
 
&MATL  ID = 'STEEL' 
 SPECIFIC_HEAT_RAMP= 'SH_steel_ramp' 
 DENSITY = 7850.0 
 EMISSIVITY = 0.9 
 CONDUCTIVITY_RAMP = 'C_steel_ramp' / 
 
&RAMP ID='SH_steel_ramp', T= 20.0, F=.4398018 / 
&RAMP ID='SH_steel_ramp', T=165.0, F=.5165073 / 
&RAMP ID='SH_steel_ramp', T=310.0, F=.5683570 / 
&RAMP ID='SH_steel_ramp', T=455.0, F=.6359587 / 
&RAMP ID='SH_steel_ramp', T=600.0, F=.7599200 / 
&RAMP ID='SH_steel_ramp', T=700.0, F=1.0082  / 
&RAMP ID='SH_steel_ramp', T=720.0, F=1.3883  / 
&RAMP ID='SH_steel_ramp', T=725.0, F=1.6662  / 
&RAMP ID='SH_steel_ramp', T=730.0, F=2.2912  / 
&RAMP ID='SH_steel_ramp', T=735.0, F=5.0000 / 
&RAMP ID='SH_steel_ramp', T=740.0, F=2.5250 / 
&RAMP ID='SH_steel_ramp', T=750.0, F=1.4829 / 
&RAMP ID='SH_steel_ramp', T=780.0, F=0.9087 / 
&RAMP ID='SH_steel_ramp', T=900.0, F=0.6500 / 
 
&RAMP ID='C_steel_ramp', T= 20.0, F=53.334 / 
&RAMP ID='C_steel_ramp', T=800.0, F=27.36 / 
VTT-R-2747&EUROCODE 3 
 
 
 
&MATL  ID = 'CONCRETE' 
 SPECIFIC_HEAT=1.0 
 DENSITY = 2400. 
 EMISSIVITY = 0.85 
 CONDUCTIVITY=1.0 / 
VTT-R-2747&EUROCODE 3 
  
&MATL ID = 'WOOL' 
      CONDUCTIVITY_RAMP = 'C_wool_ramp' 
      DENSITY = 150. 
      SPECIFIC_HEAT = 0.84 / 
 
&RAMP ID='C_wool_ramp', T= 20., F=0.037 / 
&RAMP ID='C_wool_ramp', T=1200., F=0.21 / 
http://www.engineeringtoolbox.com/mineral-wool-insulation-k-values-d_815.html  
 
 
 
&SURF  ID='steel3mm' 
  MATL_ID='STEEL' 
  THICKNESS=0.006 
  BACKING='EXPOSED' / 
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&SURF  ID='steel4mm' 
  MATL_ID='STEEL' 
  THICKNESS=0.008 
  BACKING='EXPOSED' / 
 
&SURF  ID='steel5mm' 
  MATL_ID='STEEL' 
  THICKNESS=0.010 
  BACKING='EXPOSED' / 
 
&SURF  ID='steel6mm' 
  MATL_ID='STEEL' 
  THICKNESS=0.012 
  BACKING='EXPOSED' / 
 
&SURF  ID='steel8mm' 
  MATL_ID='STEEL' 
  THICKNESS=0.016 
  BACKING='EXPOSED' / 
 
&SURF  ID='steel10mm' 
  MATL_ID='STEEL' 
  THICKNESS=0.020 
  BACKING='EXPOSED' / 
  
&SURF  ID='steel30mm' 
  MATL_ID='STEEL' 
  THICKNESS=0.060 
  BACKING='EXPOSED' / 
  
&SURF  ID='steel&concrete10mm' 
  MATL_ID='STEEL','CONCRETE','STEEL' 
  THICKNESS=0.010, 0.255, 0.010 
  BACKING='EXPOSED' / 
  
&SURF  ID='steel&concrete30mm' 
  MATL_ID='STEEL','CONCRETE','STEEL' 
  THICKNESS=0.030, 0.235, 0.030 
  BACKING='EXPOSED' / 
 
&SURF  ID='concrete' 
  MATL_ID='CONCRETE' 
  THICKNESS=0.1 
  BACKING='INSULATED' / 
 
&SURF  ID='wall', COLOR='LIGHT CORAL' 
  THICKNESS = 0.0005, 0.15, 0.0005 
  MATL_ID='STEEL','WOOL','STEEL' 
  BACKING='EXPOSED' / 
 
&SURF  ID='roof', COLOR='LIGHT CORAL' 
  THICKNESS = 0.0012, 0.25 
  MATL_ID='STEEL','WOOL' 
  BACKING='EXPOSED' / 
 
&SURF ID='platform', COLOR='LIGHT CORAL' 
      THICKNESS = 0.002, 0.02 
      MATL_ID='STEEL','WOOL' 
      BACKING='EXPOSED' / 
 
&SURF ID='plate', COLOR='LIGHT CORAL' 
      THICKNESS(1) = 0.01 
      MATL_ID(1, 1)='STEEL' 
      BACKING = 'EXPOSED' / 
 
 
--------------------sprinkler vtt-R-2747 p.12 
&SURF ID='FIRE' 
 HRRPUA=7812.5 
 RAMP_Q='QRAMP' / 
 
&RAMP ID='QRAMP', T= 0.0, F=1.0 / 
&RAMP ID='QRAMP', T= 1080.0, F=1.12 / 
&RAMP ID='QRAMP', T= 1620.0, F=1.22 / 
&RAMP ID='QRAMP', T= 1920.0, F=1.38 / 
&RAMP ID='QRAMP', T= 2400.0, F=1.38 / 
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&RAMP ID='QRAMP', T= 2401.0, F=0.0 / 
 
 
--------------------freeburn vtt-R-2747   
              
SURF ID='FIRE' 
 HRRPUA=7812.5 
 RAMP_Q='QRAMP' / 
 
RAMP ID='QRAMP', T= 0.0, F=1.0 / 
RAMP ID='QRAMP', T= 1080.0, F=1.0 / 
RAMP ID='QRAMP', T= 1140.0, F=1.12 / 
RAMP ID='QRAMP', T= 1320.0, F=1.12 / 
RAMP ID='QRAMP', T= 1321.0, F=0.0 / 
RAMP ID='QRAMP', T= 1800.0, F=0.0 / 
 
 
 
&SPEC ID='WATER VAPOR'/  
 
&PART  ID='Water drop' 
     SAMPLING_FACTOR = 10 
     SPEC_ID='WATER VAPOR' 
 INITIAL_TEMPERATURE=5 
    DIAMETER=1400.0 
 HORIZONTAL_VELOCITY = 0.2 
 VERTICAL_VELOCITY = 0.5 
 AGE=20 
 QUANTITIES(1:3)='PARTICLE DIAMETER', 'PARTICLE TEMPERATURE', 'PARTICLE AGE' /   
  
 
 
&PROP  ID='water spray' 
 OFFSET=0.2 
 PART_ID='Water drop' 
 FLOW_RATE=115 
 PARTICLE_VELOCITY=8.485 
 SPRAY_ANGLE=5.0, 70.0 
 PARTICLES_PER_SECOND = 5000 / 
       
vtt-s-3606-09 p.7 
 
max part 5.2201e+05 
v=(2p/rho)^0.5*0.6=(2*100000 Pa / 1000 kg/m^3)^0.5*0.6=8.485 m/s 
 
 
&DEVC ID='nozzle1', PROP_ID='water spray', XYZ=1.5, 1.5, 5.8, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle2', PROP_ID='water spray', XYZ=1.5, 4.5, 5.8, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle3', PROP_ID='water spray', XYZ=4.5, 1.5, 5.8, QUANTITY='TIME', SETPOINT=0.0 / 
&DEVC ID='nozzle4', PROP_ID='water spray', XYZ=4.5, 4.5, 5.8, QUANTITY='TIME', SETPOINT=0.0 / 
vtt-s-3606-09 p.7 
 
 
 
&SLCF QUANTITY='TEMPERATURE', PBY=3.0 / 
&SLCF QUANTITY='TEMPERATURE', PBX=3.0 / 
&SLCF QUANTITY='TEMPERATURE', PBZ=3.0 / 
 
&SLCF QUANTITY='VELOCITY', PBY=3.0, VECTOR=.TRUE. / 
&SLCF QUANTITY='VELOCITY', PBX=3.0, VECTOR=.TRUE. / 
 
&SLCF QUANTITY='MPUV', PBX=3.0,  PART_ID='Water drop' / 
&SLCF QUANTITY='MPUV', PBY=3.0,  PART_ID='Water drop' / 
 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='WATER VAPOR' PBX=3.0 / 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='WATER VAPOR' PBY=3.0 / 
 
 
&BNDF QUANTITY='CPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='AMPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='MPUA', PART_ID='Water drop' / 
&BNDF QUANTITY='WALL TEMPERATURE' / 
&BNDF QUANTITY='NET HEAT FLUX' / 
&BNDF QUANTITY='CONVECTIVE HEAT FLUX' / 
&BNDF QUANTITY='RADIATIVE HEAT FLUX' / 
&BNDF QUANTITY='GAUGE HEAT FLUX' / 
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&DEVC ID='TG-1-5.7', XYZ=1.5, 1.5, 5.7, QUANTITY='TEMPERATURE' / 
&DEVC ID='TG-2-5.7', XYZ=1.5, 4.5, 5.7, QUANTITY='TEMPERATURE' / 
&DEVC ID='TG-3-5.7', XYZ=4.5, 1.5, 5.7, QUANTITY='TEMPERATURE' / 
&DEVC ID='TG-4-5.7', XYZ=4.5, 4.5, 5.7, QUANTITY='TEMPERATURE' / 
&DEVC ID='TG-5-5.7', XYZ=2.9, 0.7, 5.7, QUANTITY='TEMPERATURE' / 
&DEVC ID='TG-6-5.7', XYZ=2.9, 5.3, 5.7, QUANTITY='TEMPERATURE' / 
&DEVC ID='TG-7-5.7', XYZ=0.7, 3.0, 5.7, QUANTITY='TEMPERATURE' / 
&DEVC ID='TG-8-5.7', XYZ=5.3, 3.0, 5.7, QUANTITY='TEMPERATURE' / 
 
 
&DEVC ID='TT-1', XYZ=3.1, 1.6, 5.8, QUANTITY='WALL TEMPERATURE',IOR=3, DEPTH=0.001 / 
&DEVC ID='NHF-1', XYZ=3.1, 1.6, 5.8, QUANTITY='NET HEAT FLUX',IOR=3 / 
&DEVC ID='CHF-1', XYZ=3.1, 1.6, 5.8, QUANTITY='CONVECTIVE HEAT FLUX',IOR=3 / 
&DEVC ID='RHF-1', XYZ=3.1, 1.6, 5.8, QUANTITY='RADIATIVE HEAT FLUX',IOR=3 / 
&DEVC ID='GHF-1', XYZ=3.1, 1.6, 5.8, QUANTITY='GAUGE HEAT FLUX',IOR=3 / 
 
 
TAIL/ 
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Micro scale results  

 
Figure 29.  Comparison of efficiencies between experiment of Jia and Qiu and simulation with Nu 

based h and droplets’ surface velocity = 0.0 m/s 

 
Figure 30. Comparison of efficiencies between experiment of Somasundaram & Tay and simulation 

with Nu based h and droplets’ surface velocity = 0.0 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 
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Figure 31. Comparison of efficiencies between experiment of Jia and Qiu and simulation with Nu 

based h and droplets’ surface velocity = 0.2 m/s 

 
Figure 32. Comparison of efficiencies between experiment of Somasundaram & Tay and simulation 

with Nu based h and droplets’ surface velocity = 0.2 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 
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Figure 33. Comparison of efficiencies between experiment of Jia and Qiu and simulation with 

constant h and droplets’ surface velocity = 0.0 m/s 

 
Figure 34. Comparison of efficiencies between experiment of Somasundaram & Tay and simulation 

with constant h and droplets’ surface velocity = 0.0 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 

 



4 

 

 
Figure 35. Comparison of efficiencies between experiment of Jia and Qiu and simulation with 

constant h and droplets’ surface velocity = 0.2 m/s 

 
Figure 36. Comparison of efficiencies between experiment of Somasundaram & Tay and simulation 

with constant h and droplets’ surface velocity = 0.2 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 

 



Annex 3 (5/9) 

 

 
Figure 37. Comparison of heat fluxes between experiment of Jia and Qiu and simulation with Nu 

based h and droplets’ surface velocity = 0.0 m/s 

 
Figure 38. Comparison of heat fluxes between experiment of Somasundaram & Tay and simulation 

with Nu based h and droplets’ surface velocity = 0.0 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 
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Figure 39. Comparison of heat fluxes between experiment of Jia and Qiu and simulation with Nu 

based h and droplets’ surface velocity = 0.2 m/s 

 
Figure 40. Comparison of heat fluxes between experiment of Somasundaram & Tay and simulation 

with Nu based h and droplets’ surface velocity = 0.2 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 
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Figure 41. Comparison of heat fluxes between experiment of Jia and Qiu and simulation with 

constant h and droplets’ surface velocity = 0.0 m/s 

 
Figure 42. Comparison of heat fluxes between experiment of Somasundaram & Tay and simulation 

with constant h and droplets’ surface velocity = 0.0 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 
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Figure 43. Comparison of heat fluxes between experiment of Jia and Qiu and simulation with 

constant h and droplets’ surface velocity = 0.2 m/s 

 
Figure 44. Comparison of heat fluxes between experiment of Somasundaram & Tay and simulation 

with constant h and droplets’ surface velocity = 0.2 m/s 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Jia experiment) 

(Soma experiment) 

(Soma experiment) 

(Soma experiment) 
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Figure 45. Ratio of efficiencies of Nu based h between s droplets’ surface velocities v=0.2/v=0.0 

 
Figure 46. Ratio of efficiencies of constant h between s droplets’ surface velocities v=0.2/v=0.0 
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Macro scale results  

Macro scale freeburn 

 
Figure 47 Gas temperatures and HRR in freeburn test 
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Figure 48. Gas temperatures and HRR in Freeburn simulation 

 
Figure 49. Steel temperatures in freeburn test 
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Figure 50. Steel temperatures in freeburn simulation 
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Macro scale with sprinkler 

 
Figure 51. Gas temperatures and HRR in sprinkler test 

 

 
Figure 52. Gas temperatures and HRR in sprinkler simulation 
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Figure 53. Steel temperature in sprinkler test 

 

 
Figure 54. Steel temperatures in simulation model with constant h and droplets’ surface velocity = 

default 0.2 m/s 
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Figure 55. Steel temperatures in simulation model with Nu based h and droplets’ surface velocity = 

default 0.2 m/s 

 

 
Figure 56. Steel temperatures in simulation model with constant h and droplets’ surface velocity =0.0 

m/s 
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Figure 57. Steel temperatures in simulation model with Nu based h and droplets’ surface velocity 

=0.0 m/s 

 

 
Figure 58. Cumulative mass densities of water in simulation. Measurement points with low incident 

water fluxes 
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Figure 59. Cumulative mass densities of water in simulation. Measurement points with high incident 

water fluxes 
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