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Abstract

With a few high profile tunnel fire incidents happening in recent years, fire safety has
been a serious issue in tunnels. Several tunnel fire safety components have been invented,
tested and implemented in many tunnels, however the interactions between these com-
ponents are not fully studied and understood. This thesis studies the impact of tunnel
longitudinal ventilation system together with water mist system on fire by varying a few

key parameters.

Fire Dynamics Simulator (FDS), which is a Computational Fluid Dynamics (CFD) soft-
ware widely used in fire safety engineering field, is used to simulate a full scale heavy
good vehicle fire close to jet fans in a 600 m long tunnel, with water mist systems. The
vehicle height, number of water nozzles, location of water nozzles, design fire size and
water droplet size are all individually studied in order to attempt to have a comprehen-
sive understanding on how these factors affect smoke backlayering, which is the main

criteria when designing longitudinal ventilation system.

The result shows that lesser jet fans are required to prevent backlayering when the ve-
hicles are taller, more water nozzles are used, fire size is smaller and water droplet size
is smaller. Various cooling mechanisms and tunnel fire dynamics involved in these in-

teractions shall be discussed.

This thesis seeks to serve as a general practical guide when designing tunnel fire safety
system by providing an overview of how various factors affect each other. Further re-
search should be conducted to validate the results and to formulate the relationships

quantitatively.
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1 Introduction

There are many road tunnels existing, being built and planned to be built around the
world. With some road tunnels such as the Lrdal tunnel in Norway extending as far as
24km long, the tunnel fire safety aspect cannot be neglected. According to the French
statistics, there will be one or two car fires per kilometre of tunnel for every hundred
million cars that pass through the tunnel. Out of every hundred million heavy goods
vehicles (HGVs) passing through a tunnel, there will be around eight fires per kilometre
of tunnel) only one of which will be serious enough to cause any damage to the tunnel
itself. Based on the statistics, it has been estimated that there will be between one and

three very serious fires out of every thousand million HGVs per kilometre of tunnel [6].

Combining with a few high profile fire incidents, such as the Mont-Blanc tunnel fire in
France/Italy, in 1999, causing 39 deaths and the Funicular tunnel fire in Austria in 2000,
causing 155 deaths [7], this issue has undoubtedly caught the attention of public and

authorities. The dangers a tunnel fire pose to the users are of the following order:

e Firstly, the visibility will be reduced by smoke depending on the evacuees’ location

relative to fire and affect the evacuation process;

e Evacuees who could not evacuate on time may be intoxicated by smoke, as tunnel
is an enclosed environment and the toxic gas concentration will accumulate over

fire in the event of fire;

e Finally, temperature inside the tunnel will rise quickly due to convection and ra-

diation and threaten anyone in the tunnel.

The basic objectives of a tunnel fire safety design system are to ensure safe evacuation of
tunnel users in the event of fire, to protect the tunnel structure and to provide tenable
access for firefighters. Tunnel Design Centre (CETU) [8] in France ranks the relative
impact of the ambient conditions in the tunnel according to different objectives, as sum-

marised in Table 1.1.



Table 1.1: Relative impact of ambient conditions regarding the objectives of life safety strategy

Objective Visibility Toxicity Temperature
Allow self-evacuation ++ + + + +
Improve the tenability time + + + + + +
Ease the action of rescue services + + + + + +
Protect the infrastructure 0 0 + 4+ +

However, although the research on tunnel fire safety has been ongoing for decades, there
is generally little to no consensus within the industry on how to put different components
of fire safety measures together to form a holistic design. Among the few key compo-
nents, there has been insufficient research focusing on the interaction between tunnel
ventilation system and fixed firefighting system (FFFS) although they are expected to

affect the fire and smoke development.

Tunnel ventilation system not only acts during emergency situations, it also provides
fresh air during normal traffic operation to prevent accumulation of carbon monoxide
and other toxic gas released by road vehicles. It is therefore a convenient and cost effi-
cient approach to utilise the tunnel ventilation devices for smoke control purpose. There
are mainly two types of tunnel ventilation systems adopted by the industry: transverse
and longitudinal ventilation system. The decision of which system to adopt depends on

a few factors such as the tunnel geometry, atmospheric condition and construction cost.

One of the most studied aspects of tunnel fire safety design is the concept of critical
ventilation velocity(CVV) [9] [10]. The CVV is defined as the minimum longitudinal
ventilation velocity to prevent smoke to move reversely from a fire in the tunnel [11].
The upstream smoke spread against ventilation stream due to buoyancy effects is known
as backlayering or smoke backflow [12]. Tenability can be assured at the tunnel upstream
if the air flow velocity in the tunnel is beyond the CVV and therefore evacuation can be

achieved.

Although theoretically there exists a ’super-critical’ velocity at which an increase of fire



size no longer raises the CVV [9], there is little research on the ’throttling’ influence of a
fire towards physical ventilation system in a tunnel, as characterised experimentally by
Lee et al. [13] and described numerically by Colella et al. [14]. The ’throttling’ effect
results in more thrust required from the fans for a fire beyond the super-critical fire
size compared to a smaller fire. This effect fundamentally changes the design of tunnel
ventilation system as the design can no longer only be based on a certain critical fire
size. This project aims to discover other factors in tunnel fire safety system which may

intensify the throttling effect.

Water mist system (WMS) has gained popularity in recent years due to its environmental
and economical benefit. It produces water droplets smaller than 1000 ym in diameter
and suppresses fire via the modes of displacement of oxygen, gas phase cooling and
attenuation of radiation. There are numerous studies experimentally and numerically
demonstrating the effectiveness of WMS suppressing fire and cooling gas temperature
in tunnel [8] [15] [16]. However the interaction between longitudinal ventilation system
and WMS has not been studied thorougly to prove their effectiveness when implemented
together. One of the potential effects WMS will have on the longitudinal ventilation sys-
tem is the additional mass of water vapour added to the smoke layer. Consequently the
ventilation system may face greater resistance due to the water curtains created by the
non-evaporating water mist droplets, further worsening the ’throttling’ effect, causing
more thrust needed from the fans. On the other hand, injected fine water droplets will
also enhance gas cooling effect and reduce fire throttling effect. Depending on the wa-
ter flow rate discharged from the WMS, the additional mass may not be negligible and

it could fundamentally change the conventional tunnel fire safety system design ideology.

This project intends to study the problem using Computational Fluid Dynamics (CFD)
modelling to attempt to simulate actual conditions to provide a more practical insight

to tunnel fire safety system designers and engineers.



1.1 Objectives

The objectives of this thesis are:
e to study the effect of water mist system on ventilation flow.

e to determine the relationship among the number of jet fans required to prevent
backlayering, vehicle height, water nozzle location, water droplet size, fire size and

number of water mist nozzles activated.

e to determine the worst case scenario and the optimum ways to prevent smoke

backlayering from occurring when designing tunnel safety system.

Computational Fluid Dynamics (CFD) modelling is used to simulate the smoke flow
movement in tunnel and the simulation result will be used as the basis of analysis. CFD
is a cost effective and proven robust tool to simulate fire, especially since the cost of

experiment for tunnel fires is incredibly high.

This thesis will first lay out the background theories of tunnel fire dynamics and brief
introduction to FFFS and tunnel ventilation system. Secondly, the assessment method,
Fire Dynamics Simulator (FDS), is introduced, including its validation, input and output
parameters. Subsequently, the results obtained from simulations are analysed via various

methods and discussed. Finally, further research directions will be discussed.



2 Overview of Tunnel Fire Dynamics and Fire

Safety Designs Components

This chapter provides an overview of several key fire dynamics phenomenas, the fire

safety components and the known interactions among themselves related to this project.

2.1 Basic Tunnel Fire Dynamics

Tunnel fire differs from open fire in many ways. Firstly, due to the confined environ-
ment, the heat feedback to burning fuels in a tunnel is more significant and it often
results in higher burning rate or more volatile particles produced. Some fuels which do
not sustain self-combustion under open environment may burn vigorously in a tunnel
fire. Secondly, the limited supply of oxygen in a tunnel, limited by the tunnel portals,
often leads to fuel-rich burning, which in turn produces more toxic gases such as carbon
monoxide. Thirdly, during a tunnel fire, as the smoke plume develops, it interacts with
the ventilation flow and generates large amount of turbulence within the narrow space.
The interaction may lead to change in flow pattern, such as reverse flow of hot gases and

throttling of air [1].

Tunnel fire is also different from compartment fires for a few reasons. The influence of
ventilation on the heat release rate and combustion efficiency in a tunnel is not dictated
by the ventilation factor, as per compartment fires. Besides that, tunnel fires are not
likely to grow to conventional ’'flashover’ like in compartment fires, as there is signif-
icant heat losses from the fire to the surrounding walls and the hot gases can escape
the tunnel easily. However when a tunnell ventilation system, which usually has high
capacity, is abruptedly activated, the flames may suddenly increase in size and length.
As a result the fire may spread forward easily due to the preheated vehicles downstream
of the fire because of radiation and convection from hot smoke layer. Finally, smoke
layer created in tunnel may move along the tunnel surface, losing heat to the surfaces

and consequently lose its buoyancy and stratification if the tunnel is very long. At the
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Figure 2.1: Ilustration of the three different temperature stratification regions according to
Newman [1]

downstream of fire, degree of stratification of the smoke layer depends on the heat losses
to the surrounding walls and by the turbulent mixing between the buoyant smoke layer

and the cold air moving in opposite direction [1].

Newman [17] defined three distinct regions of temperature stratification using Froude

number (Fr), as illustrated in Fig. 2.1.

e Region I, Fr < 0.9: stratification is extremely obvious in this region and it is

buoyancy-dominated.

e Region II, 0.9 < Fr < 10: although there is no strong stratification, there are ver-
tical temperature gradients and there is significant interaction between ventilation

velocity and buoyancy induced by fire.
e Region III, Fr > 10: there is no significant temperature gradient in this region.

Fr can be calculated from the equation:

u2

Fr = avg 1
T 1 5(AT a0y Tavg)gH (1)

where H is the ceiling height, Ty, is the average gas temperature (K) over the entire
cross-section at a given position, AT,y = T4y — T, with Tj, being the ambient tem-
perature and ugyg = ul4e/T, with u being the flow velocity. Although Newman only
divides the degree of stratification into three regions, it can be assumed that within the

same region, the higher Fr is, the less stratisfied the smoke layer is.



Experimental HRR with fixed

Experimental HRR Representative HRR water-based firefighting systems
Time to Peak Time to Peak Time to Peak
Peak HRR HRR Peak HRR HRR Peak HRR HRR
Vehicles (MW) (min) (MW) (min) (MW) (min)
Passenger car 5-10 0-54* 5 10 — —
Multiple passenger car 10-20 10-55" 15 20 10-15% 35%
Bus 25-34° 7-14 30 15 208" —
Heavy goods truck 20-2004 748" 150 15 15-90% 10-30%

Flammable / 200-300 - 300 - 10-200"

combustible liquid tanker

Figure 2.2: Fire Data for Typical Vehicles [2]

2.2 Design Fire Size

The most common approach for designers to quantity a fire is through a design fire size,
often described in terms of the peak heat release rate (HRR). The HRR in a tunnel fire
depends on various factors, including the geometry, vehicles and their contents, and the
ventilation conditions [2]. Ingason [2] has summarised the majority of tunnel fire tests
carried out around the world over the past few decades. For passenger cars, the peak
HRR ranges from 1.5 to 11MW; for buses, the range is between 29 to 34dMW; and for
heavy good vehicles (HGV), the range is between 13 to 202MW. The time for HGVs to

reach the peak HRR is in the range of 10-20 minutes.

Figure 2.2 extracted from NFPA 502 [3] Annex A also tabulates the fire data for typical
vehicles, including the experimental HRR, represenatitive HRR and the experimental

HRR with fixed water-based firefighting systems.

As seen above, HGVs possess the highest potential HRR and are commonly considered
the largest risk in tunnel fire safety design. The wide range of values is due to different
test configurations (different materials, ventilation conditions and tunnel geometry) and

therefore left up to the designers to prescribe a design value accordingly.



2.3 Tunnel Ventilation System

Tunnel ventilation systems are designed for a few objectives: circulation of air to pre-
vent accumulation of toxic gas emission in the tunnel and for evacuation purpose during
emergency. The two main modes of operation of tunnel ventilation systems during a fire

are: natural and mechanical ventilation system.

Natural ventilation is typically adopted in ’short’ tunnels where it is possible for smoke
to be vented due to its buoyancy and pressure differences at the portals. Pressure dif-
ferences can be present if the slope of the tunnel is significant or if the moving vehicles
induce high air velocity, as known as piston effect. The disadvantage of natural ven-
tilation system is apparent when a tunnel is long, as the stratification of smoke layer
can be disrupted after a certain distance before smoke vents out to atmosphere, causing
the smoke to be recirculated to the fire zone [12]. Eventually the visibility near the fire
location will be reduced significantly, causing serious danger to evacuees and firefighters

nearby.

Thus, long tunnels are usually equipped with mechanical ventilation systems to ensure
the controlled condition inside tunnels. Mechanical ventilation configurations include:
longitudinal, fully transverse, semi-transverse and partial transverse. There are some
tunnels which incorporate both longitudinal and transverse systems such as the Mont
Blanc Tunnel. A ventilation system consists of a combination of fans, ducts and dampers
to deliver air to designated locations [12]. NFPA 502 [3] states that emergency ventilation
shall not be required in tunnels less than 1000m in length if an engineering analysis can
show that the use of natural ventilation can provide level of safety equal or higher than

a mechanical ventilation system.

2.3.1 Longitudinal Ventilation System

Longitudinal system is defined by the longitudinal airflow movement along the tunnel

initiated either by natural factors (wind, stack effect, piston effect of vehicles) or by fans



(portal fans, shaft fans or jet fans along the tunnel) [18]. The main strategy of such
system is to force all the smoke produced to one side of the fire location and prevent
backlayering from happening in order to create a smoke free zone for evacuation and fire

fighting purpose.

When a fire is started on the floor of a tunnel, hot plume rises above and entrains cold
air into the plume. After reaching the ceiling, the plume flows symmetrically in opposite
directions along the ceiling. However, when a ventilation flow comes from one direction,
the symmetry is broken and the plume is bent by the flow. Consequently, the length of
the ceiling jet flowing against the current is reduced. Above a certain velocity, which will
be discussed in Section 2.3.3, the plume will only flow in one direction as the propelling
force from the ventilation flow is too strong to counter. Figure 2.3 shows tunnel fires 1)
without ventilation, 2) with insufficient ventilation to prevent backlayering and 3) with
sufficient ventilation to prevent backlayering. The main concern with this system is that
there may still be evacuees at the downstream after the ventilation system is activated.
Therefore this system is not desirable for tunnels with bidirectional traffic where smoke

stratification shall not be disrupted by ventilation system.

2.3.2 Transverse Ventilation System

Transverse ventilation is defined by the transverse airflow movement in the tunnel. The
main objective of this type of system is to limit air flow in the longitudinal direction,
preserve smoke stratification and extract smoke vertically through either ceiling or floor.
Transverse ventilation systems feature the uniform collection and/or distribution of air
throughout the length of the tunnel roadway and can be of the full transverse or semi-

transverse type [18].

In fully transverse system, fresh air supply and smoke extraction occurs along the tunnel
via a system of adjustable louvres servicing two separate plenums. This results in the
inflow and outflow of air to be identical volumetrically and the two air streams have a

direction transverse to the longitudinal axis of tunnel. In semi-transverse system, there
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Figure 2.3: Top: Tunnel Fire Without Ventilation; middle: Tunnel fire with Insufficient Ven-
tilation to Prevent Backlayering; bottom: Tunnel Fire with Sufficient Ventilation to Prevent
Backlayering [3]

is only one plenum either supplying or extracting air, in contrast with fully transverse
system. In normal mode, fresh air is supplied along tunnel and smoke flows towards the
portals and is vented out to atmosphere. In reverse mode, smoke is extracted along the
tunnel and fresh air is supplied from the portals [12]. The main advantage of transverse
ventilation system is that localised smoke extraction is possible and stratification of

smoke layer can be achieved along the full length of tunnel, in principle.

2.3.3 Ceritical Ventilation Velocity

The critical ventilation velocity (CVV) is defined as the minimum ventilation velocity
that eliminates backlayering and the value is the primary criterion when designing lon-
gitudinal ventilation system. CVYV is proportionate to the fire size (heat release rate),
according to various studies [9] [10] and it is affected by several factors such as tunnel

slope, vehicular obstruction and tunnel cross sectional area. Several studies have shown

10



that there is a ’super critical’ ventilation velocity above which backlayering does not de-
pend on fire size anymore. Oka and Atkinson [9] have proposed a dimensionless equation

after carrying out small scale experiments:

V= K,(0.12)73(Q)Y3,  Q* <0.12

[

8V = K,, Q* > 0.12

C

where

= V= S
pocyTog'/?H®/2" "¢ \/gH

where V' is the dimensionless critical ventilation velocity, K, is the experimental con-
stant, Q* is the dimensionless heat release rate, pg is the density of air, ¢, is the heat
capacity of air, Tp is the ambient temperature, g is the gravitational constant (9.81m/s?)
and H is the tunnel height. Values of K, vary between 0.22 and 0.38 according to the

burner used. This set of equation works for flames lower and higher than tunnel height.

Wu and Bakar [10] also proposed similar equation after carrying out small scale experi-
ments and CFD simulations, describing using tunnel hydraulic diameter instead of the

actual height:

V= 0.40(0.12)"13(QHY3,  Q* <02

V> =0.40, Q* > 0.20
where
X Q . Ve
= — s V = —
POCpTogl/2H5/2 ¢ gH (4)

The reason Wu and Bakar used hydraulic diameter, which is defined as 4 times the

cross sectional area divide by the perimeter (H = 4A4/P), is because the CVV changed

11



significantly with different cross sectional area and when hydraulic diameter is used,
the experimental results reach a better agreement. In fact, there is a good agreement
between the small scale and large scale tests such as the Memorial tunnel tests and the

Buxton gallery tests [10].

According to Atkinson and Wu'’s study [19], there is a relationship between tunnel slope

and the CVV, and the formula for correction factor is described as:

V(8) = V(0) * (1 + 0.0146) (5)

where 0 is the slope in degree and V(0) is the critical ventilation velocity in a flat tunnel.

The formula, however, is only valid when 6 is between 0° and 10°.

Presence of vehicular obstruction also affects the CVV significantly. Li et al. [11] found
that when fire was set under a stationary vehicle, which occupied roughly 20% of tunnel
cross sectional area, CVV was reduced by 23%. Oka and Atkinson [9] used a propane gas
burner positioned outside a solid obstruction in a small scale tunnel. They found that
when a vehicle occupied roughly 12% of cross sectional area, the reduction ratio of CVV

was 15% and was 40-45% when a vehicle occupied roughly 32% of the cross sectional area.

A study by Lee and Tsai [20] found that CVV decreases due to vehicular obstruction
when ventilation flow reaches the fire and the reduction ratio approximately equals the
vehicle blockage ratio by the continuity equation. The experiment in the same study
showed that when fires were located at downstream of vehicles, in contrast to Li’s study
[11], the change ratio of CVV was slightly greater than the tunnel blockage ratio. Lee
and Tsai then hypothesised that the decrease in CVV can be estimated as the tunnel
blockage ratio adjusted by the effect of the local ventilation flow area, which depends on

the relative position of fire source.

A relatively new term ’confinement velocity’ has been introduced by Vauquelin and Telle
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[21]. The definition of the confinement velocity is the longitudinal velocity induced by ex-
traction which is necessary to prevent the smoke layer development after the last exhaust
vent has been activated. It is the lowest velocity needed to prevent existing backlayering
at a certain position, i.e. to prevent further spread upstream, while preserving certain
stratification. The confinement velocity was then defined when the backlayering distance

is lesser than 4 times the tunnel height upstream at the extraction vent.

Results from small scale tests by Li et al. [11] show that the backlayering length and the
dimensionless confinement velocity, which is the ratio of longitudinal ventilation velocity

to critical velocity, follows an exponential relation:

V** = exp(—0.0541)
(6)
= exp(—0.0741;,)

ctr

where V** and Vj; are the dimensionless confinement velocity without and with vehic-
ular blockage respectively, and [* and [;. are the dimensionless backlayering distance

without and with vehicular blockage.

They proposed a piecewise function to express the dimensionless critical velocity in a

tunnel with and without vehicular blockage as

0.81Q*Y/3, Q* <0.15

0.43, Q* > 0.15

0.63Q*Y/3, Q* <0.15

k
ctr

0.33, Q* > 0.15

*

*
where V. and V,

is the dimensionless critical velocity without and with vehicular block-

age.

They also proposed that the dimensionless backlayering length without obstruction in a
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tunnel can be expressed as

18.5In(0.81Q*/3/V*), Q* <0.15 @
I* = 8

18.5In(0.43/V*), Q* > 0.15

where V* is the dimensionless longitudinal ventilation velocity and Q* is the dimension-
less heat release rate. The relationship fits well with the large-scale tests at Yuanjiang

tunnel.

There is currently a lack of research on how the critical ventilation velocity or backlay-
ering length is affected by the height of fire, or when translated to real life situation, the

height of vehicles caught on fire.

2.3.4 Fire Throttling Effect

Throttling effect of air occurs when there is excess aerodynamics resistance in the ven-
tilation stream. Fire causes throttling effect by adding heat and mass into the tunnel,
creates disturbance to the cold equilibrium operating condition and hence increases the
flow resistance inside the tunnel. In serious situation, the disturbance can cause reverse

flow of air against ventilation.

The fire throttling effect was first experimentally studied by Lee et. al in 1979 [13].
They compared the gas mass flow rate in the model tunnel network when under cold
condition and during fire. Their results showed that the flow resistance in the fire zone
was increased by a factor of 6, and upstream and downstream of the fire by around 1.5
times. They stated that throttling became more severe at high air flow rate as higher
air flow rates intensified the fire. Their results also showed that the ventilation air can

be indirectly throttled by the fan if the gas temperature at the fan is sufficiently high.

Coupling of a physical ventilation system to a fire and quantification of the fire throttling
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effect was first done by Colella et al. [22] using multiscale methodology which combines
mono-dimensional (1D) and CFD (3D) modelling techniques to model a 1.2 km long
tunnel. Various fire sizes ranging from 10 MW to 100 MW were investigated with a
varying number of jet fans and their results showed that the flow was reduced up to 30

% for a 100 MW fire.

The impact of change in fire size on tunnel jet fan system was studied by Vaitkevicius
et al. [23] using FDS. The study showed that by increasing fire size, the number of jet
fans required to prevent backlayering increases, although the critical ventilation velocity

does not vary much from the proposed formula by Wu and Baker [10].

It is one of the main objectives of this project is to investigate the throttling effect when
a new component, which is the water mist system, is added to the coupling of jet fan

system and fire.

2.3.5 Effect of Tunnel Ventilation System on Fire

The presence of tunnel ventilation system has an impact on the fire characteristics. The
effect of longitudinal ventilation on the fire HRR has been studied by various researchers.
Forced ventilation will affect different types and sizes of fire loads in various ways as it
will carry along a handful of oxygen which changes the ventilation factor of the fire and
at the same may have cooling effect. It may also change the fire spread rate or even
extinguish the fire entirely. The mechanism of burning a pool fire and solid fuel is funda-
mentally different and therefore forced ventilation will have different impact on different
types of fire. For solid fuel, say a vehicle fire, forced ventilation may blow through the
fire load, causing the fire to spread and grow in intensity [24]. Pool fire has an entirely
different reaction to forced ventilation compared to solid fuel as all the combustion hap-
pens at the surface, not inside the load. This project will only focus on vehicle fires, in

particular heavy good vehicles (HGV) as HGVs are often considered the highest risk.
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A study on the effect of forced ventilation on a HGV fire, which features variation of
HRR with ventilation velocities up to 10ms™, has shown that longitudinal ventilation
may cause a fire to spread through a HGV over twenty times faster, and reach a maxi-
mum HRR eight or nine times larger, than with natural ventilation [25]. Carvel [24] [25]
has introduced a Bayesian method to estimate the factor of HRR enhancement in the

presence of forced ventilation by the following formula:

Qvent = anat (9)

where Quent is the HRR of a vehicle fire in a tunnel with forced ventilation, Q4 is the
HRR of a similar fire with natural ventilation, and k is the heat release rate coefficient.
For a HGV fire in the growth phase, he estimated & highly likely to be 8-16 at 2 ms~!,
16-32 at 4, 6 and 8 ms~!. For a HGV fire at maximum heat release rate, he estimated k
highly likely to be 4-8 at 2 and 4 ms~!, 8-16 at 4, 6 and 10 ms~! and 16-32 at 10 ms~".
It is therefore concluded that forced ventilation does not have a constant influence over

fire over time, and it depends on whether the fire is in the growth phase or steady state.

A model scale tunnel fire test conducted by Ingason and Li [26] shows that, however,
the fuel mass loss rate per unit fuel surface area, which is proportionate to HRR, is
only a weak function of the ventilation velocity. They explained that the difference with
Carvel’s estimation is probably due to the way the fuel was compared. The study also
confirms that the fire growth rate will increase according to longitudinal ventilation rate.
The paper also shows that backlayering length is independent of the HRR for a large

tunnel fire.

2.4 Fixed Firefighting System (FFFS)

Fixed firefighting system comes in various forms and extinguishing agents. Till present,
despite the latest developments of other suppression agents, water is still the primary
choice for a couple of reasons. Firstly, in terms of mass, fine water mist droplets are at

least as effective as Halon 1301 (C'F3Br) due to its large latent heat of evaporation and
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heat capacity of water vapour. It takes 335 KJ of energy to heat 1L of water from 20 to
100°C and 2257kJ to turn into steam. Secondly, water has very little health and envi-
ronmental impact, which is critical in tunnels where the extinguishing agent is exposed
to human contact as well as the atmosphere. Lastly, water is also the most cost effective

agent, which makes it suitable to cover the large floor area in any tunnel.

It is recognised by the World Road Association (PTARC) and the National Fire Pro-
tection Association (NFPA) that active fire protection systems can limit the size and
growth of a fire, prevent the fire from spreading and improve conditions for first re-
sponders. It could also protect tunnel lining, possibly reducing the amount of passive
structural fire protection and making significant construction and operation savings.
NFPA 502 was also concerned with the reliability of fire detection technology, further

visibility reduction and the impact of the FFSS on the effectiveness of tunnel ventilation.

NFPA 502 [3] has then categorised FFFS into four categories based on their performance

objectives:

e Fire suppression system: To greatly reduce the heat release rate of a fire and

prevent its growth.

e Fire control system: To limit the size of a fire by decreasing the heat release rate

and pre-wet adjacent combustibles.
e Volume cooling system: To provide substantial cooling of product of combustion.

e Surface cooling system: To provide direct cooling of critical objects without di-

rectly affecting heat release rate.

PIARC historically has been conservative and careful with the recommendation of using

FFFS. Their main concerns about FFFS are:

e An FFFS may cause an explosion in the tunnel while suppression of Class B fires

(liquid or liquefied solid fires).
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e An FFFS may lead to steam injuries to the evacuating people.
e In a vehicle fire, the FFFS cannot suppress the fire from the inside of the vehicle.
e The FFFS activation may lead to the de-stratification of smoke in a tunnel fire.

e Installation, maintenance, and repair cost of the FFFS may exceed the possible

annual economic loss in a tunnel fire.

e There might be a possibility of a malfunctioning or false activation of the FFFS.

The main types of FFFS implemented in tunnel fire safety design are sprinkler systems,
water deluge systems and water mist systems. The latter two are preferred over tradi-
tional automatic sprinkler systems used in buildings due to a few reasons. These two
systems are activated by open nozzles instead of localised fire detection, which allow
tunnel operators to decide the areas to focus on, instead of activating FFFS over the
whole tunnel following the smoke spread. This directly avoids the need of huge water
supply, which is important for tunnels at rural areas and prevents excessive water dam-
age. Activation by open nozzles rather than localised fire detection also gives flexibility
to the tunnel operators as the system should only be activated after occupants have
safely evacuated from incident tunnel as water will dilute and destroy the stratification
of smoke layer, reducing visibility in certain areas and introducing more toxic gas to

occupants.

FFFS can be categorised into high, medium and low pressure system based on the
minimum operating pressure [4]:

Table 2.1: Working Pressure Classification

Minimum Working Pressure Type of System
> 60 bar High Pressure System
16 - 60 bar Medium Pressure System
< 16 bar Low Pressure System

FFFS is currently not mandated in most countries, only Japan and Australia has ade-

quate experience using the technology and more countries are exploring the feasibility
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of protecting their tunnels using FFFS. In Australia, water deluge systems are installed
in all major urban road tunnels, including Sydney Harbour Tunnel, M4 Tunnel and
City Link Tunnel. In Japan, FFFS are required to be installed in all tunnels longer
than 10,000 m and in tunnels longer than 3000 m with heavy traffic. A number of Eu-
ropean countries including Austria, France, Italy, Norway, Netherlands, Spain, Sweden
and United Kingdom have installed FFFS in tunnels. Only six road tunnels are currently

equipped with FFFS in North America [3].

2.4.1 General Guidelines of Fixed Fire Fighting System

NFPA 502: Standard for Road Tunnels, Bridges, and Other Limited Access Highways
[3] and Engineering Guidance for Water Based Fire Fighting Systems for the Protection
of Tunnels and Subsurface Facilities [4] provide general guidance on the arrangement of
FFFS, without prescriptive values. It is recommended that proper engineering analysis
is performed for different tunnels. The setup of simulation in this project shall follow
most of the suggestions given in these guidelines if possible, in order to make the simu-

lation realistic and applicable to real life design.

Engineering Guidance for Water Based Fire Fighting Systems for the Protection of Tun-
nels and Subsurface Facilities [4], which was written alongside the European Research

Project UPTUN, provides a few suggestions for FFFS design:

e Fire fighting nozzles are normally installed under the ceiling or the upper part of

the side walls, pointing downwards or at the centre of the tunnel.

e The whole tunnel should be covered with nozzles, which are grouped into sections.
The section length shall be defined on case by case basis and engineering analysis

and shall not be shorter than 30m.

e All sections are connected by section valves and a main water supply line to the
pump unit. In order to ensure sufficient water supply, the water supply line should
be able to provide water at the minimum pressure for at least two sections simul-

taneously.
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e To ensure effective and efficient fire suppression, a group of nozzles forming a
section shall be activated simultaneously in the upstream and downstream of the

fire.

NFPA 502 suggests that for an active fire protection system to be effective, the followings

are recommended:

e FFFS can be designed as a manually activated deluge system with an automatic

release after a time delay which should not exceed 3 minutes.

e The piping should be arranged using interval zoning to focus on discharging on

the area of incident.

e Nozzles should provide an open deluge and the system should have enough water
capacity to allow operation of at least two zones in the incident area. The zone
length should be based on vehicle length, hydraulic analysis and be coordinated

with detection and ventilation zones.

e A full-time attended control room should be available for system control and acti-

vation.

Both standards do not provide any methods to determine the activation sequence or

time.

2.4.2 Dynamics of Fire Suppression by Water Sprays

Fire suppression by water is mainly due to the gas phase cooling, fuel cooling, displace-

ment of oxidant and the attenuation of thermal radiation.

Gas phase cooling, also known as heat extraction, is a process of lowering the ambient
temperature by turning the water mist from liquid phase to gas phase. Water is effective
in gas phase cooling owing to its large latent heat (2270kJ/kg) and high specific heat of

water vapour. For solid fuel and liquid pool fires, volatilisation of fuel can be reduced
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Figure 2.4: Gas Phase Cooling Effect during UPTUN Fire Test [4]

as this process reduces the feedback of heat from the fire. The gas phase cooling effect
can be demonstrated from the full scale test result from the European research project
UPTUN, as shown in Fig. 2.4, which shows the drastic decrease in gas temperature after

water mist .

Fuel cooling, as known as direct cooling, occurs when water droplets reach the fuel sur-
face directly. Fuel volatilisation rate is reduced and fire spread can be prevented as a
result. Effectiveness of fuel cooling by water droplets is related to its diameter - small
droplets such as those in water mist systems evaporate faster and have lower terminal

velocities, thus will not penetrate as far as larger droplets [16].

Since water evaporates almost 1,700 times during the process of evaporating, it occu-
pies the place of initial oxidant, which in most cases oxygen. It in turn disrupts the
entrainment of oxygen into the flame. Once the oxygen concentration level is below
the limiting oxygen concentration, combustion will stop and flame can be extinguished.
This phenomena is also known as oxygen displacement. Study shows that effectiveness

of water mist on oxygen displacement is augmented in enclosures [27].

In attenuation of thermal radiation, when droplet enters the space between flame and the

surface of fuel, it could reduce the evaporation of fuel as well as combustion as feedback
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of heat is reduced. However according to Jiang et al. [28], radiation attenuation is sel-

dom sufficient to extinguish a fire, as water absorbs radiation only at certain wavelengths.

2.4.3 Water Mist System

According to NFPA 750 and NBN CEN/TS 14972 standards, a water mist is a spray
consisting of droplets with a characteristics diameter Dy(g less than 1lmm, meaning
that at least 90% of the total water volume are smaller than 1mm. NFPA 750 further
classifies water mist into 3 classes, as summarised in Table 2.2.

Table 2.2: Water mist system classification according to NFPA 750

Class 1 Class I1 Class 111
Dyg < 200um 200um < Dygg < 400pum  400um < Dygg < 1000pm

The choice of water mist class is similar to the comparison between water mist and
water deluge system. Class III water mists according to Table 2.2 are better for Class
A fires (solid fires) as the larger droplets have higher terminal velocity and thus higher
probability to reach the fuel seat, in order to cool down the solid fire or even extinguish
it. Class I mists are more efficient for gas phase cooling than other two classes as smaller
droplets have larger surface-to-volume ratio [8]. In tunnel fires the fire is often shielded
or hidden by vehicle roof, which makes fuel cooling nearly impossible. Therefore Class

I water mist is more suitable in such cases.

A study by Wang [29] shows that the optimal droplet size for water mist for the best
suppression effectiveness is in the range between 50 pum and 300 pum and he recom-
mended using 60 pum at the flow rate of 5 L/min based on the compromise between
extinguishing time and water consumption. There are a few reasons why smaller droplet
sizes are more effective at suppressing fire. Firstly, because of lesser weight, the droplets
have lower momentum when ejected from the nozzle and therefore have more time to
absorb surrounding heat before hitting the ground. Secondly, smaller droplet diameter
will result in larger quantity of droplets given the same flow rate and combined with its

larger surface area to volume ratio, smaller droplets are better at oxygen displacement
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than larger droplets. According to Wang’s study, the radiation absorbed by water mist is
nearly the same for 100 um and 1000 pm droplet, and the medium droplet sizes perform

poorly in extracting radiation.

Water mist systems, by their very nature, are unable to suppress large fires as the water
droplets are so fine that they are most likely to evaporate in the fire plume region before
reaching the fuel bed to suppress the fire. Numerous researches have been conducted to
study the effectiveness of WMS on fire including tests conducted in tunnels and in en-
closures. Meeussen et al. [30] concluded that WMS can extinguish or control a 200 MW
liquid fire fast enough to prevent a boiling liquid expanding vapour explosion (BLEVE),
water mist system can reduce and control a 50 MW solid fire and in the case of 200 MW

solid fire, the limits of water mist system were approached.

A reduced scale experiment study done by Sun et al. [31] has shown that in a naturally
ventilated tunnel, when water mist system is installed a distance away from fire, smoke
is blocked by the water system. Whereas under longitudinal ventilation, smoke is no

longer blocked by the water system.

The experiment result from Project SOLIT (Safety of Life in Tunnels) conducted in 2006
in the Spanish test tunnel of TST (Tunnel Safety Testing) shows that if the water mist
system is activated in time, the fire size of a truck-simulating fire load can be limited
to below 60 MW compared to 120 MW without activation. The experiment has also
stated that by activating a fire-extinguishing system, visibility is ensured completely on
the upstream as there is no backlayering observed as a result of interaction of water mist

system and ventilation [15].

An experimental study done in tunnels by Chen et al. [32] shows that fire suppression
process using water mist has three stages: (1) Flame unitary restraining stage, (2) sur-
face flame extinguishing stage and (3) inside flame suppression stage. The paper also

explored the influence of longitudinal ventilation velocity to the performance of water
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mist suppression system. It states that when the fuel load is located directly below the
nozzle, suppression time will be prolonged along with the increase of ventilation veloc-
ity. Different intervals between nozzle and fuel load will also have different optimum
ventilation velocities for minimum fire suppression time. Furthermore, when the venti-
lation velocity is too high, flame will be depressed excessively by airflow, lowering the
flame height. Combining with the fact that mists will move rapidly with the airflow, fire
extinguishing time will be extended as lesser mist reaches on the flame surface. Similar
experimental study by Zhang et. al [33] to study interaction between fire and water
mist in long and narrow spaces shows that, nozzle operating pressure of 20 bar and 30
bar water mist intensified the fire. With 40 bar, restraining effect has improved; at 60
bar, flashover was effectively suppressed and finally at 70 bar, water mist successfully

suppressed the fire.

Manufacturers recommend that water mist system to be operated over a length of 100
to 150 m, comprises of two or three sections, such that the sections are only limited
to areas where smoke temperature is high enough to vaporise the droplets, with the

consideration of uncertainty of fire location [8].

2.4.4 Effect of Longitudinal Ventilation on Water Mist System

The effect of longitudinal ventilation on the water droplets used in WMS is certainly
non-negligible due to their small mass. There are several researches focusing on the

interaction between water mist system and tunnel ventilation system.

Crosfield et al. [34] has previously conducted small scale experiment and CFD mod-
elling to determine the landing distance of droplets under the influence of longitudinal
ventilation. It was found that most water mist droplets, with diameter lesser than 170
um, are carried between 60 and 130 m downstream before they hit the ground, under 3
ms~! of ventilation velocity. Under flow of 10 ms™!, the droplets are carried between

130 and 750 m downstream. According to Maevski and Klein [18], when the water mist
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system is activated in conjunction with the longitudinal ventilation system, nozzles at
upstream and midstream of smoke should be activated to take the blow-away effect into

account.

On the other hand, the presence of WMS is expected to influence the ventilation system
as well, due to the drag caused by water droplets when ventilation flow passes through
them. The drag force is either expressed by the drag equation for high velocity flow,
non viscous fluid Fp = 0.5pv2CyA, or by the Stoke’s Law Fp = —bv for viscous fluid,
where p is the density of fluid, v is the speed of object relative to the fluid, Cy is the
drag coefficient and A is the cross sectional area of the object. However there is no study

exploring the effect to date.

Wu and Hsu [35] has analysed the effects of critical velocity with water deluge system
with droplet sizes ranging from 800 to 1200 pgm. Their result shows that the critical
velocity is lower after using the water spray system. Critical velocity is also lower when
smaller droplets are used. Their finding suggests that the more cooling the water spray
system can achieve, the lower the critical velocity. It is one of the main objectives in this
project to investigate if similar conclusion can be made when simulating using jet fan,

instead of a fixed velocity vent boundary and using water mist, instead of water deluge.
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3 Fire Dynamics Simulator (FDS) Modelling In-

put Parameters, Assumptions and Limitations

3.1 Introduction

FDS version 6.5.3 is used for this project. FDS is a CFD model of fire-driven fluid flow
[5], first released in February 2000 by National Institute of Standards and Technology
(NIST) as a free and open-source software. It is a large-eddy simulation (LES) code.

There are three key components in the model:

e Hydrodynamic Model: FDS solves numerically a form of Navier-Stokes equations
for low-speed flows (Ma < 0.3), thermally-driven flow emphasising on smoke and
heat transport from fires, with an explicit predictor-corrector scheme, second order
accurate in space and time core algorithm. Turbulence is treated by means of LES
by default or Direct Numerical Simulation (DNS) if the mesh is fine enough. User
can choose either Deardorff (default), Dynamic Smagorinsky, or Vreman as the

turbulence model.

e Combustion Model: FDS mostly uses a single step, mixing-controlled chemical
reaction using three lumped species, which are air, fuel and products. The latter

two are explicitly computed by default.

e Radiation Transport: Radiative heat transfer is computed largely via the solution
of the radiation transport equation for a gray gas, and in some case via a wide band
model. The radiation transport equation is solved using Finite Volume Method

(FVM).

FDS is often paired with Smokeview, which is another freeware by NIST as a visualisation
tool specifically for FDS. Smokeview is capable of producing slice files for measured
quantities in FDS such as temperature, velocity, mass fraction, 3D smoke file which is
useful to visualise how smoke develops and particle file to show the particle movement

injected into the model, such as water droplets from nozzles.
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3.2 Software Validation

FDS has long been used and validated by many researches to model tunnel fire, tunnel

ventilation system and water mist system.

3.2.1 Tunnel Fire and Ventilation System

Hwang and Edwards [36] used FDS Version 2 to model the critical ventilation velocity
in a ventilated tunnel and verified the results with the experimental data obtained at
the Memorial tunnel (large tunnel) and by Hwang and Wargo (small tunnel) [37]. Ven-
tilation flow was generated by assigning a volumetric flow rate at the tunnel inlet and
atmospheric pressure at the outlet, which is a common approach in CFD tunnel fire
simulations. Their results showed that the leveling-off of CVV as the fire heat gener-
ation increases, that the fuel type and ambient temperature have negligible effects on
the value of CVV and that FDS is capable of predicting the CVV with various size and

configuration.

Kim et al. [38] have carried out simulations using FDS Version 4.0 to simulate a fire in
a tunnel using a gas burner with approximately 100MW of HRR, in order to predict the
temperature profile and backlayering of a pool fire in the tunnel with appropriate grid
size and boundary conditions. They also evaluated the Smagorinsky constant, turbulent
Prandtl number and the Schmidt number in the model. They concluded that FDS shows
its limitation in predicting the smoke layer near the ceiling at the upstream region of

the tunnel.

Bilson et al. [39] used FDS to study the interaction of a deluge system with a tunnel

ventilation and smoke exhaust system.

Li and Ingason [40] simulated the Runehammer Tunnel T1 test, where an HGV mock-up

was used, using a gas burner with specified HRR inputs. They found that the ceiling gas
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temperature corresponded well with the experiment results on the downstream of fire
from 10 to 150 m. However the temperatures for further downstream (250m, 350m and
450m) were overestimated. Besides that, the incident heat fluxes at the downstream of

fire from the simulation did not match well with experiment results.

3.2.2 Water Mist System

Kim and Ryou [41] compared FDS predictions to results of compartment fire test with
and without the application of a water mist. FDS gave good prediction in the gas tem-
perature and oxygen dilution as the results were within about 10% of measurements.
However, the simulations failed to predict the complete extinguishment of a hexane pool
fire. They attributed that to be the result of combustion model rather than the droplet

model.

Hostikka and McGrattan [42] investigated the thermal radiation absorption by water
sprays in FDS and concluded that FDS is able to predict the radiation attenuation

when the hydrodynamic interaction between the droplets is weak.

FDS Version 6.5.3 uses a new droplet evaporation scheme using implicit approach de-
veloped by Floyd and McDermott [43], which solves the problems of droplets impacting
hot surfaces with low conductivity and low thermal inertia and simulations with very
fine water mist in the older versions. The new evaporation scheme was validated and

verified through a series of tests.

3.3 Geometry

Only single bore tunnel will be studied, as this project only focuses on longitudinal ven-
tilation system which is mostly used in single bore unidirectional tunnels. The tunnel
is modelled as a 6 m x 6 m square and 600m long. The reason for the length is that a
flat tunnel is generally considered long if its length exceeds 600 m [44] and beyond this

length stable stratification will not sustain for natural ventilation [45], thus longitudinal
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ventilation system is mandatory. The width and height of the tunnel is chosen arbitrarily

to represent a tunnel which allows heavy good vehicles to enter.

The surface of obstructions in the FDS model is all set to be inert, which means the
temperature of tunnel walls is fixed at the ambient temperature, which is 20°C in this
model. This assumption is deemed suitable as the tunnel walls are normally physically
and thermally very thick and likely to have negligible temperature change when exposed
to fire. Additionally the simulation time can be reduced significantly by neglecting the

surface material property.

3.4 Design Fire

The design fire size ranges from 20MW to 60MW, with 10 MW step increment for
different scenarios and 40MW as the base case scenario, to represent a HGV fire, as
described in Section 2.2 and it is modelled with a prescribed heat releaser rate per unit
area (HRRPUA) in FDS. The dimension of the HGV and fire surface is shown in Fig.
3.1. The height of the fire surface on the side is only 1 m tall so that the height of the
HGYV can be altered for different fire scenarios, which will be discussed in Section 3.10.2,

while keeping the HRRPUA as constant.

As the HRR output is always constant, this project does not take either the change in
fire size or pyrolysis rate due to FFFS or tunnel ventilation system or fire extinction that
was mentioned in previous sections into consideration. Instead, it is intended for readers
to use the value they wish to study after calculating the effects of various components on
fire, due to the complexity of the problem. Only a single vehicle is simulated, therefore

fire spread is not studied in this project.
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Figure 3.1: Dimension of the HGV obstruction and fire surface

3.5 Jet Fans System

Instead of imposing boundary condition of certain velocity or pressure at the tunnel
portals like many studies have done so [10] [46] in order to directly determine the criti-
cal ventilation velocity, this project aims to accurately simulate longitudinal ventilation
system in a tunnel, which normally features jet fans. The simulation models jet fans
according to suggestions from the Sixth Edition FDS User Guide [5]. The jet fans are
modelled as a heating, ventilation, and air conditioning (HVAC) system with an inlet
and an outlet vent attached to a solid obstruction to represent the physical space a jet
fan occupies. Under such configuration, due to the assigned pressure difference by FDS,
air will be sucked into the inlet vent, transported through the model HVAC system and
exhausted from the outlet vent towards the fire. The advantage of using HVAC method

to model jet fans is that it allows hot, smoky gases to pass through the obstruction.

FDS allows user to specify many input parameters to accurately model the air flow.
In this project, the diameter and the volume flow rate of the jet fan is specified and
FDS will calculate the outflow velocity by dividing the volume flow rate by the cross
sectional area, which is determined by the diameter specified. The jet fans chosen for
this project are tunnel jet fans manufactured by POLLRICH GmbH [47]. The model
chosen is consistent for every fire scenarios for fair comparison, and the summary is

provided in Table 3.1.
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Table 3.1: Jet Fan Model Used

Parameter Value

Jet Fan Model SATM-0900-B
Diameter (mm) 840
Volume Flow Rate (m?/s) 16.9
Total Length (mm) 3075
Downward Shroud Length (mm) 1200

3.5.1 Jet Fan Shroud

Additionally, according to a validation study by Thunderhead Engineering [48], FDS

models jet fans more closely matched to experimental data when downstream shroud is

included, and the mesh size of Diameter/2 performs quite well in matching the centerline

velocity decay and the flow entrainment. This is because the downstream shroud makes

sure the outlet flow is in the axial direction and not expand in the first cell downstream of

the vent. Therefore in this project the shroud of jet fan is modelled using the dimension

in the manufacturer brochure, as shown in Fig. 3.2, and the mesh size around the jet

fan is 1 m/2 = 0.5 m. A comparison of how the shroud affects the flow pattern in this

model is shown in Fig. 3.3. As seen in the figure, with downstream shroud, the jet fan

flow travelled at least 25 m longer than the other model and represents a real jet fan

flow better.
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Figure 3.2: Dimensions of the jet fan modelled
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Figure 3.3: Longitudinal velocity slice file on the scale of -2.0 to 18.0 m/s. Top: FDS simulation
without downstream shroud; bottom: FDS simulation with 1 m long downstream shroud

3.5.2 Jet Fan Location

There are three rows of three jet fans modelled, considering the tunnel geometry. The
jet fans at the same row are 0.5 m away from the wall, 1 m away from the adjacent jet
fan and 0.5m away from the ceiling, and the cross-section arrangement and dimensions
are shown in Fig. 3.4. Each row of jet fans is 50 m apart from the next row and placed
near a tunnel portal, similar to the multi-scale model by Colella et al. [14]. Configuring
fans such that blowing air from upstream of the fire is more effective in minimising fire
throttling effect, which occurs if the gas temperature at the fans is sufficiently high [13].
The closest row of jet fans to the fire location is 50 m. This close distance is chosen
because this project intends to study how smoke, ventilation system and water mist
system affect each other at shorter distance, which is deemed challenging for jet fans to
manage tunnel air velocities during fire [44]. The plan view of the tunnel is shown in

Fig. 3.5.

3.5.3 Fan Activation

The usage of fans follows the numbering in Fig. 3.5. For example, if the result shows
that two jet fans were needed, it means that jet fan number 1 and 2 were activated; if
four jet fans were needed, jet fan number 1, 2, 3 and 4 were activated, and so forth. The
activation of jet fan is achieved using the RAMP function in FDS and the time between

activation of each fan is five minutes in order for the flow to reach steady state for a
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Figure 3.4: Cross Section View of Jet Fans
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Figure 3.5: Plan View of Jet Fans and Fire

considerable amount of time. The five minute interval is determined by velocity over
time graph measured, as described in Section 3.9, as it takes around three minutes for
the longitudinal velocity to be steady and two more minutes so that the fluctuation of

value can be more averaged out.

3.6 Water Mist System

Eulerian-Lagrangian approach is used in FDS to treat the gas phase as a continuum and
the water droplets as individual dispersed Lagrangian particles. This method is used
because the water droplets are too small for the computational mesh to resolve. The
Eulerian equations, governing gas and droplet thermal-hydraulic behaviour, droplet and
flame interaction and fire suppression characteristics, include the continuity, momentum,
energy and state equations. The Lagrangian equations consist of position, mass, mo-

mentum and energy [5].
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The momentum transfer from the Lagrangian particles to the Eulerian equations is via

the body force term f, in the Navier-Stokes momentum equations [49]:

0
p(a—?)—i—(u-V)u)—i—Vp:pg—l—fb—FV-nj (10)

where p is the density of fluid, u is the fluid velocity in 3D, p is the pressure of flow field,
g is the gravitational constant, f; is the body force exerted on the fluid, and 7;; is the

stress tensor.

fy is calculated by summing the force transferred from each particle in a grid cell and

divide by cell volume, V:

1 dm,,

f, = v Z[ngAp,c(up —u)lup —u| - W(up —u)] (11)

where p is the fluid density, Cy is the drag coefficient, A, . is the particle cross-section
area, up is the particle velocity, u is the fluid velocity, m,, is the particle mass. As shown
in Eq. 11, if the first term on the right hand side is larger than the latter term, the body
force will have positive value and momentum is transferred from the particles to fluid,

vice versa.

The drag coefficient Cjy is a function of local Reynolds number that is based on particle

diameter, D:

)
24/ Rep Rep <1
Ca = 4 24(0.85 + 0.15Re%%7) /Rep 1 < Rep < 1000 (12)
0.44 1000 < Rep
\
plu, —u|D
Rep = 22122 13
P= ) "
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where p(T") is the dynamic viscosity of air at temperature T. It is difficult to determine
the Reynolds number in this model as the velocity of particles varies according to their
location and the flow velocity also varies at different height of the tunnel. However it is

estimated to be in the region of 1 < Rep < 1000.

Correction has to be made to the drag coefficient when the distance among particles is
small enough that the individual particles influence each other and cause drag reduction
on the particles trailing behind. Drag reduction is expected for water mist droplets as the
spray is very dense. However FDS does not specifically calculate the interaction among
particles since the separation length is too small for normal grids, and each particle
interacts with the fluid individually. Instead, FDS calculates the reduction of the drag

on the second particle by:

F
= — 14
Ca=Cap 7 (14)

where Cy is the drag coefficient in the absence of other particles, and F / Fj is the
hydrodynamic force ratio of the trailing particle to an isolated particle, which will not be
explained further in this project. This correlation, however, is deemed to under-estimate

the drag reduction significantly at small separation distance, according to Prahl et al [50].

Particles can be initialised to a part of the computational domain at the beginning
of a calculation or can be introduced to the flow field from vent surfaces [51]. For a
water nozzle, this point is the virtual origin of all particle trajectories and droplets are
injected into the field at a spherical surface surrounding the nozzle with radius defined

by user.

In practice, it is very difficult to determine the distribution of droplet size due to the
lack of data measurement. In FDS, the size distribution of liquid droplets is specified
using a cumulative volume fraction (CVF) and the default CVF is '/ROSIN-RAMMLER-
LOGNORMAL’ [5], as shown in Fig. 3.6. The median volumetric diameter can also be
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Figure 3.6: Droplet size distribution based on Rosin-Rammler-Lognormal Distribution [5]

specified. The median diameter is chosen to be 200 um, as it is the largest diameter
for Class I water mist system (D < 200pm) which is more suitable for tunnel fires as
recommend by CETU [8]. Also the larger the particles are, the lesser computational time

needed for the simulation to complete as there are lesser number of particles to compute.

The water flow rate is determined by the system’s K-factor K (I/min/bar'/?) and op-
erating pressure p (bar) using QQ = K,/p. The K-factor is taken as 4.3 as reference from
the study done by Vaari et al. [51] and operating pressure is taken as 40 bar as it is
the pressure at which fire straining effect was obvious, according to Zhang et al. [33].
A study by Blanchard et al. [52] suggests that initial droplet velocity at the injection

point is not an influent parameter and it has been arbitrarily set to 15 m/s.

The absorption and scattering of thermal radiation by Lagrangian particles is included
in the radiation transport equation in FDS, which means the effect of attenuation of
thermal radiation by water droplets can be modelled [5]. This project does not attempt
to model fire suppression by water mist system, although it has been experimentally
proven effective to restrain and suppress flame if the pressure is high enough. However

it has been studied numerously that FDS predicts cooling of gas temperature quite well
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[51] [41].

Water mist nozzles are placed 0.5 m below the ceiling, which is 5.5 m above floor and
discharge water downwards, as suggested in the Engineering Guidance for Water Based
Fire Fighting Systems for the Protection of Tunnels and Subsurface Facilities [4]. The
location and spacing of the nozzles depend on the fire scenarios, as the relative position

of nozzles to fire location is one of the factors being studied in this project.

The details of the water mist system modelled in this project are summarised in Table

3.2.
Table 3.2: Characteristics of Water Mist System Modelled

Parameter Value

K-Factor (I/min/bar'/? 4.3

Droplet Size (um) 200

Nozzle Spacing (m) Depending on fire scenario, refer to Section 3.10.2
Operating Pressure (bar) 40

Flow rate (1/min) 27.2

Particle velocity (m/s) 15

3.7 Grid Resolution

In order to obtain acceptable and desirable computational result, the cell size of compu-
tational mesh should be properly refined in accordance to the appropriate range. As FDS
is a LES turbulence model, the more refined a mesh is, the more accurately the model
can represent the turbulence, at the cost of extra computational time. This accuracy is
particularly important around the region of fire plume as large amount of air is entrained
around that area. Striking a balance between grid resolution and computational cost is

therefore utmost important when constructing a FDS simulation.

The FDS User Guide [5] suggests the users to calculate the optimal mesh cell size by

determining the characteristic fire diameter and cell size ratio based on the total heat

37



release rate. The following equation shows how the characteristic fire diameter is calcu-

lated:

D* Q 2

= (7poocpT00\/§)g (15)

D*/dx ratio should be between 4 and 16 to accurately resolve fires in various scenarios.
When D*/dx = 4, the cell size is deemed as coarse, D*/dx = 10 as moderate and
D*/dx = 16 as fine. In this project, the areas near fire and water mist nozzles use fine
cells, areas adjacent to the fine meshes use moderate cells and other areas use coarse
cells. Areas near the jet fans use cell size of 0.5 m, as explained in Section 3.5. Table
3.3 lists the suggested cell size for different HRR.

Table 3.3: Suggested Cell Size for Different Fire Size

Size 20 MW 40 MW 60MW
Coarse 79cm 105 cm 123 ecm
Moderate 32 cm 42 cm 49 cm
Fine 20 cm 26 cm 31 cm

As seen from Table 3.3, the difference of cell sizes between all three fire sizes is not
significant, and the cell sizes are decided to be 25 cm, 50 cm and 100 cm for fine,
moderate and coarse mesh respectively, regardless of the fire size. An example of the

cell size for different meshes is shown in Fig. 3.7.

Fire and nozzle
area (D=25 cm)

Jet fan area (D=50 cm) Buffer area (D=50 cm) Downstream area (D=100 cm)

Figure 3.7: Cell Size for Different Meshes

3.8 Time Factor

This project does not attempt to provide any transient solution, such as growing fire

rate, linearly ramping up fan capacity or delay activation of component, as the actual
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relationship between fire growth rate, ventilation system activation, FFFS detection
and occupant self rescue time is too complicated for this project. Several studies have
been focused on the time factor on individual components, yet no consensus among the
experts towards a standard design procedure has been reached to date. This thesis,
rather, provides a steady state solution by changing one variable at a time and allowing
the simulation time to develop towards steady state. The results are then collected,

analysed and put together for comparison.

3.9 Model Output

In order to determine if backlayering happens, both soot concentration measurement
devices and SMOKE3D file are used. There are a few ways to determine if backlayering
occurs, such as placing devices at the upstream near the fire location to measure the
temperature, velocity or soot concentration at the location of device. Soot concentration
is chosen to be determining factor, as the presence of soot directly means that smoke has
spread to the location. Temperature is not a suitable parameter as the device will receive
radiative heat transfer from the plume and not result in steep temperature change when
there is no smoke. Velocity is also not suitable as it is impossible to determine if the flow

is ambient air or smoke, in case of getting results in only positive longitudinal direction.

The soot concentration measurement devices are placed in all three directions. They
are placed across the tunnel cross section at the upstream of fire location, with 1 m
interval across longitudinal and transverse direction and 0.5 m interval from the ceiling.
Therefore there are 5 x 5 x 3 = 75 devices at 1 m away from the fire location and every
device has to measure below the acceptance criteria for backlayering to be considered
not occurring. This acceptance criteria means that it is acceptable for smoke to curl

back as long as it does not extend beyond the plane of left side of fire location.

Smoke3D file is an output file created by FDS and rendered by Smokeview to realis-

tically represent smoke and fire, and it is a powerful tool to visually help to confirm
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if backlayering occurs and how smoke spreads around the tunnel. The criteria of soot
mass fraction for no backlayering happening is set to be below 1 x 1075 kg/kg, which was

tested to be the mass fraction below which no backlayering was seen in the Smoke3D file.

Flow measurement devices which measure velocity in longitudinal direction (U-velocity)
are placed across the cross section of the tunnel 10 m upstream of fire location in order
to measure the flow pattern at every 1 m of height across the location. This will help
to understand how the jet fans affect the flow pattern near the fire quantitatively. As
there are 6 devices at every 1 m of height, the U-velocity for every height is determined

by averaging the measurement values over all 6 devices.

The location and interval of the devices are shown in Fig. 3.8.

In addition to soot and flow measurement devices, water vapour that evaporates from
nozzles is also measured following the method mentioned in Section 12.1.5 of FDS User
Guide [5] to compare how much water has evaporated with various configurations of
water nozzles. Instead of measuring mass fraction as suggested in the FDS User Guide,
volume integral of water vapour density across the entire tunnel is measured in order to
express the amount of water vapour in smoke layer in terms of mass. As both ends of
the tunnel is open, once the flow reaches steady state, the total mass of water vapour
will be a steady number when the outflow of water vapour is equal to the water vapour

created.

Temperature of smoke layer is not measured using devices in this project, as it is dif-
ficult to select suitable locations to place the devices for all scenarios. Under different
ventilation condition and other variables, the smoke layer characteristics will be very
difficult across different scenarios. Instead, temperature slice files across the entire tun-
nel are used to provide visual comparison. The redder the slice file is, the higher the gas
temperature is. Longitudinal velocity slice files are also useful in understanding the flow

pattern visually.
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Figure 3.8: Location and Interval of Devices from Section View

In the Result and Discussion Section (Section 4), unless stated otherwise, the number
of jet fan, vertical velocity distribution and water vapour mass is all measured after

backlayering is prevented.

3.10 Simulation Scenarios

There are three parts of scenarios to be simulated in order to analyse the issue compre-
hensively and systematically. The first part is a set of test scenarios in which one or two
components (out of ventilation system, fire and water mist system) of the model will be
absent, so that the effect of individual components can be separated. The second part
is the main cases where all three components are put together, with varying parameters
to determine how each parameter affects the whole system. The parameters that are
varied are the number of water mist nozzles, height of HGV, fire size, water droplet size,
location of nozzles relative to fire and the distance between fire and the nearest set of
jet fans. The last part consists of a few cases designed to verify the results obtained
from the second part such that the model is producing reliable results. Each scenario is

assigned a name for reference purpose.
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3.10.1 Scenarios without Fire

In order to try to study the individual effect of fire, water mist system and tunnel
ventilation system, test scenarios are run by isolating one of these components. Since
preventing backlayering is the main focal of this project, the objective cannot be achieved
without tunnel ventilation, therefore it is not useful to study scenarios in which tunnel

ventilation is absent.

In Section 3.10.2, Test 17, 21 and 25 are already without water nozzles, therefore the
effect of absence of water mist system can be studied via these cases. This section will

then only describe the scenarios without fire.

In order to study how water droplets alone can affect the ventilation flow in tunnel, the
cases in Table 4.5 are simulated without fire and the scenario names are listed in Table
3.4. The effect of drag reduction in FDS, as described in Section 3.2, is also studied by
turning off the drag reduction model in FDS. It is hoped that these scenarios will show
if the water droplets will slow the ventilation flow down due to drag.

Table 3.4: Scenarios with no fire

Scenario Name according to
HGYV Height (m)  Number of Water Nozzles

0 5 10 15
2.5 1 2 3 4
3.5 5 6 7 8
4.5 9 10 11 12

3.10.2 Main Scenarios

There is a set of base parameters used for comparison when varying other parameters, as
listed in Table 3.5. When not mentioned for a scenario, the base parameters are assumed.
For example, when only changing fire size, the height of HGV is 4.5 m, number of nozzles
is 10 all located directly above HGV and the droplet median diameter is 200 um etc.

The adoption of these values is mostly explained in previous sections.
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Table 3.5: Base simulation parameters

Parameter Value

Design Fire Size 40 MW

HGV Height 4.5 m

Number of Water Mist Nozzles 10 (For spacing, refer to Fig. 3.9)
Water Mist Nozzle Locatoin Above HGV

Water Droplet Median Diameter 200 pm

Distance between Nearest Set of Jet Fan to Fire Location 50 m

For design fire size, it varies from 20 to 60 MW, with 10 MW increment, as listed in

Table 3.6.

Table 3.6: Design fire size scenarios

Design Fire Size (MW)  Scenario Name

20 13
30 14
50 15
60 16

Each combination of the height of vehicle on fire and number of water nozzles is tested
to have a comprehensive understanding on how these two parameters interact with each
other and affect backlayering, as listed in Table 4.5. The effect of vehicle height is studied
to determine if the result is different among different vehicles, say between a passenger
van and a heavy good vehicle. The arrangement of water nozzles is given in Fig. 3.9,

for 5, 10 and 15 nozzles.

Table 3.7: HGV height and number of nozzles scenarios

Scenario Name according to
HGYV Height (m)  Number of Water Nozzles

0 5 10 15
2.5 17 18 19 20
3.5 21 22 23 24
4.5 25 26 27 28

Water mist nozzles are shifted to the upstream and downstream of HGV to determine
how the location of where water droplets land will affect backlayering and the velocity,

as listed in Table 3.8, as more water from upstream nozzles is likely to land near the fire
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Figure 3.9: Plan view of nozzles above HGV, 5 nozzles (top), 10 nozzles (middle) and 15 nozzles
(bottom)
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seat under ventilation flow and water from downstream nozzles is not likely to land on
the fire at all.

Table 3.8: Location of nozzles scenarios

Location Scenario Name
10 m upstream of fire 29
10 m downstream of fire 30

The median diameter of water droplet is varied to 100 um and 300 um to test how gas
cooling affects backlayering, as listed in Table 3.9.

Table 3.9: Water droplet size scenarios

Water Droplet Median Diameter (um) Scenario Name

100 31
300 32

3.10.3 Verification Tests

As explained in Section 3.5.3, the jet fans are activated one by one while allowing five
minutes interval for the flow to stabilise. When backlayering stops occuring after a cer-
tain number of jet fans is activated, that number is deemed the minimum ventilation
power required for that particular scenario. However in order to verify if the ventilation
flow may slowly build up inertia force and hence dynamic pressure, resulting in incorrect
results, and also if smoke will alter the flow pattern, the jet fans can be operated back-
wardly. In other words, in the verification scenarios, all jet fans are initially turned on
and then turned off one by one at five minute interval. Once backlayering occurs after
a certain number of jet fans is deactivated, that number plus one is the number of jet
fans required to prevent backlayering. For example, if no backlayering occurs when six
jet fans are on, and backlayering occurs when five jet fans are on, it can be deduced that
six jet fans are required for that scenario. Only a few scenarios are chosen to be tested

and the scenario names are listed in Table 3.10.

The second set of verification tests is grid sensitivity analysis which is performed in order

to ensure the right grid resolution is used for the entire simulation. As a rule of thumb,
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Table 3.10: Backwardly activated jet fans scenarios

Vehicle Height (m) Number of Water Nozzles Scenario Name

2.5 10 33
3.5 10 34
4.5 10 35
4.5 0 36

the simulation results will converge if the cell size is fine enough as most of the large
eddies will be resolved in the simulation. One scenario is tested with coarser cells and
one with finer cells, with the base scenario described in Table 3.5 and the cell sizes are

described in Table 3.11.

Table 3.11: Grid resolution sensitivity analysis scenarios

Area Coarse Scenario  Original Scenario Fine Scenario
Fire and Nozzle Area 50 cm 25 cm 25 cm
Jet Fan Area 100 cm 50 cm 25 cm
Buffer Area 100 cm 50 cm 50 cm
Other Areas 100 cm 100 cm 100 cm
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4 Results and Discussion

This section is structured according to the different types of scenarios, as stated in
Section 3.10 and discussions are done within the respective sections. A conclusion is
then presented at the end of the section to bring everything to a bigger picture to

summarise the results.

4.1 Scenarios without Fire

The first set of results discussed here is the scenarios without fire, and the scenario
descriptions were previously listed in Table 3.4. Only the velocity profile over height is
analysed here as there is no smoke produced and therefore no backlayering. As men-
tioned in Section 3.9, the velocities were measured at 10 m upstream of the vehicle
location over the entire tunnel cross section evenly, after the steady flow has been estab-
lished. The objective here is to determine the impact of non-evaporating water to the

ventilation flow.

As the difference in velocity when activating more nozzles was too small to be shown in
a graph, the values of scenarios with no nozzle and percentage difference compared to
the scenario without water is listed in Table 4.1, 4.2, and 4.3 for vehicle height of 2.5 m,

3.5 m and 4.5 m respectively.

Table 4.1: Velocity over tunnel height and percentage difference compared to scenario with no
nozzle, for vehicle height of 2.5 m

Height in Tunnel (m) 0 Nozzle 5 Nozzles 10 Nozzles 15 Nozzles
Velocity (m/s) % Difference % Difference % Difference
5 8.891 0.64 0.19 0.31
4 6.752 0.32 0.27 0.19
3 3.003 -2.62 -1.192 -2.73
2 1.016 4.72 -6.93 -7.06
1 0.453 3.47 3.14 -16.5

The result of vehicle height of 2.5 m is firstly analysed. As shown in Table 4.1, for the 5

nozzles scenario (Test 2), almost every velocities across the height have increased. This
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Figure 4.1: Fluctuation of velocity measurement over time for Test 2 at the height of 5 m

result is not expected, as the volatile particles are expected to have throttling effect on
the flow and cause the flow velocities to drop. It can be explained that the momentum
of particles is higher than the flow and instead of slowing the flow down, the momentum
of particles is transferred to the flow and the flow is accelerated as a result. However it
is also possible that the results were merely due to the fluctuating nature of turbulence
model, as the percentage differences are all lesser than 7 %. The fluctuation of velocity
measurement can be illustrated in Fig. 4.1, which shows the velocity at 5 m tall for
Test 2 after backlayering was prevented and steady flow was established. The degree of

fluctuation differed for every scenario.

The 10 nozzles scenario (Test 3) shows decrease in velocity for all heights compared to
Test 2 and the velocities at 2 m and 3 m high are even lower than the ones in Test 1.
For the 15 nozzles scenario (Test 4), the velocities at all height further decrease and

velocities at 1 m, 2 m and 3 m high are all lower than Test 1.

The difference among Test 2, 3 and 4 is not only the amount of water injected into the
tunnel, but also the density of water spray across the cross section, as each test has 1,
2 and 3 rows of water nozzles respectively. The decrease in velocities in Test 3 and 4
can be due to two reasons. Firstly, the collision among water droplets was larger when
the spray was too close to each other and resulted in lower overall momentum, causing

momentum transfer to happen from fluid to particles and slowing the fluid down. Sec-
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ondly, the water volume for Test 3 and 4 was higher and therefore induced more drag
to the flow and slowed the flow down. Currently it cannot be determined which of the
above was the main cause that slowed the flow down because individual particle velocity
cannot be measured in FDS and therefore the total momentum of the particles cannot be
determined. Further experiments should be conducted to see how the density of water

spray and their interaction affects the ventilation flow.

Table 4.2: Velocity over tunnel height and percentage difference compared to scenario with no
nozzle, for vehicle height of 3.5 m

Height in Tunnel (m) 0 Nozzle 5 Nozzles 10 Nozzles 15 Nozzles
Velocity (m/s) % Difference % Difference % Difference
5 8.835 0.07 0.59 0.20
4 6.705 0.51 -0.53 -0.311
3 2.970 2.64 -2.54 -2.97
2 0.900 0.56 1.24 0.23
1 0.296 12.7 4.42 -9.95

Table 4.3: Velocity over tunnel height and percentage difference compared to scenario with no
nozzle, for vehicle height of 4.5 m

Height in Tunnel (m) 0 Nozzle 5 Nozzles 10 Nozzles 15 Nozzles
Velocity (m/s) % Difference % Difference % Difference
) 8.731 -0.30 -0.27 -0.52
4 6.611 -0.25 -1.14 -0.52
3 2.874 -2.66 4.21 -2.61
2 0.734 -2.89 -7.08 3.06
1 -0.080 3.34 38.76 -0.72

For the result of vehicle height of 3.5 m, as shown in Table 4.2, for the 5 nozzles scenario
(Test 6), there was a big increase in velocity of 12.7 % at 1 m, and then the velocity
at the same height decreased to 4.42 % for 10 nozzles scenarios (Test 7) and -9.95 %
for 15 nozzles (Test 8). The pattern was similar to the cases with vehicle height of 2.5
m, as the velocity at 1 m, 3m and 4 m was at the highest value when 5 nozzles were
activated and slowly decreased with more number of nozzles activated and had lower
velocities than the scenario without nozzle. The same set of explanations given for the

2.5 m vehicle are all applicable for the 3.5 m vehicle.

Finally for the result of vehicle height of 4.5 m, other than the big increase in velocity

at height 1 m for 10 nozzles (Test 11) because the magnitude of those values was rather
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small, there was a slight drop in velocity for most of the heights in all three cases. The
overall pattern of change in velocity was quite different from other two tests as most
velocity measurements were lower than without nozzle (Test 9), and was possibly due to
water curtain effect. However increasing number of water nozzles did not result in even
lower velocity. Comparison of velocity for tests with different vehicle heights and same
number of nozzles is shown in Fig. 4.2. For all four comparisons, the velocities across
the entire tunnel height were slightly lower when taller vehicle was used.
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Figure 4.2: Longitudinal velocity across tunnel height for three different vehicle height under
the influence of: Top Left: 0 nozzle; Top Right: 5 nozzles; Bottom Left: 10 nozzles and Bottom
Right: 15 nozzles

FDS Particle files are plotted to visually determine how water droplets spread under
ventilation, as shown in Fig. 4.3. As shown, there was a large gap between the top of
the 2.5 m tall vehicle, a smaller gap for the 3.5 m vehicle and almost no gap for the 4.5 m
vehicle. Also, the density of water droplets for the 4.5 m vehicle was also thicker. From
this it can be therefore deduced that in order for water curtain effect to take place, the

water spray has to be sufficiently dense.
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Figure 4.3: FDS Particle files showing water droplets in tunnel for three different vehicle heights:
top: 2.5 m tall vehicle (Test 2); mid: 3.5 m tall vehicle (Test 6); bottom: 4.5 m tall vehicle (Test
10)

All in all, for this part, the water introduced to the tunnel seemed to slightly slow down
the ventilation flow of the 4.5 m tall vehicle and it was most likely due to water curtain
effect as there was almost no gap between the water droplets and the vehicle. For vehicle
height of 2.5 m and 3.5 m, the results seemed random for 5 and 10 nozzles scenario and

velocities at low level decreased for 15 nozzles scenario.

4.1.1 Scenarios without Drag Reduction Model

In order to examine the drag reduction model FDS uses to account for the aerodynamic
interactions among particles when the separation distance is very small, as explained in
Section 3.2, extra scenarios were simulated for all three vehicle heights with 15 nozzles
by turning off the drag reduction model. The resultant flow is expected to have lower
velocity than the previous scenarios as the flow experiences more drag from the particles.

The results of these extra scenarios are listed in Table 4.4.
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Table 4.4: Comparison of velocity over tunnel height for scenarios with drag reduction model
turned on and off, for three vehicle heights

Height in Tunnel (m) With Drag Reduction Model ~Without Drag Reduction Model

Velocity (m/s) % Difference
2.5 m tall vehicle
5 8.918 3.25
4 6.765 -0.63
3 2.921 -0.2
2 0.945 -0.79
1 0.378 -0.27
3.5 m tall vehicle
5 8.870 -0.08
4 6.703 -0.71
3 2.900 4.01
2 0.915 -8.90
1 0.282 -17.13
4.5 m tall vehicle
5 8.760 -0.61
4 6.633 -0.29
3 2.856 4.70
2 0.750 -11.22
1 -0.084 37.14

The results shown in Table 4.4 showed that for most heights measured, the velocities
without drag reduction model decreased, with a wide range of percentage difference.
The high percentage difference measured at 1 m for 4.5 m vehicle was likely due to the
small magnitude of the value. The results matched with the expectation that turning
FDS drag reduction model off slowed the flow down as there was more drag when the
flow passed by the dense particle array. However, based on the results above, the drag
reduction did not cause significant difference to the flow velocity. It is noted that the
drag reduction model FDS adopted was deemed to underestimate the reduction by Prahl
et al. [50], however it was impossible to make comparison due to the lack of experiment

result and FDS does not offer other options of drag reduction model.

The overall result of this section suggested that throttling effect due to only water mist
system is not significant as the percentage differences between with and without nozzles
were not huge. Additionally, turning on nozzles did not always result in lower flow ve-

locity, in some cases turning on nozzles sped up the flow instead. There are a few ways
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to explain the results. Firstly, it is possible that the amount of water introduced to the
model was simply too little to affect the flow and the measurements were merely fluc-
tuations in values. Secondly, instead of momentum transferring from flow to particles,
the momentum of the droplets might be so high that it was transferred to the flow and

thus accelerating the flow.

Another possibility is that FDS is not capable of simulating ventilation flow past a water
curtain accurately, as the water droplets are lumped into larger Lagrangian particles for
calculation and as a result not acting like a screen across the tunnel, as explained in
Section 3.2. The other finding from the simulations was that the change in flow veloc-
ity depended largely on the vehicle height, as all three tested vehicles produced very
different simulation results. Minor water curtain effect was observed in the 4.5 m tall
vehicle case as velocities at most height decreased when added water mist nozzles into

the simulations.

Ultimately the level of confidence that FDS correctly simulated the water curtain effect
is not high, as there is lack of experimental result to make comparison with and it was
uncertain that the simulation result was physically correct due to the lack of obvious
pattern. In future, more experiments shall be carried out to study the flow passing dense
water mist spray and to study the drag reduction effect. However note that these sce-
narios were tested without fire and the effect of additional water vapour evaporated due
to hot smoke is unclear. It is practically impossible to isolate the influence of evaporated
water vapour mass alone as it is always coupled with gas cooling effect on fire and smoke

layer.
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4.2 Scenarios with Varying Vehicle Height and Number of

Water Nozzles

The result of this section is presented in a matrix form since every combination of the
variables (vehicle height and number of water nozzles) are tested, as shown in Table
4.5.

Table 4.5: Number of jet fans required for different vehicle height and number of water nozzles

Vehicle Height (m) Number of Water Nozzles

0 5 10 15
2.5 4 4 4 3
3.5 4 4 4 4
4.5 6 6 5 4

For a 2.5 m tall vehicle, the number of jet fans required to prevent backlayering reduced
from 4 to 3 when 15 nozzles were used. Similarly, for a 4.5 m tall vehicle, number of jet
fans required reduced from 6 to 5 when using 10 nozzles and to 4 when using 15 nozzles.
The reduction was most likely due to the more gas cooling effect on smoke layer when
more nozzles were deployed, as shown in Fig. 4.4 and 4.5, as the gas temperature was
lower when more nozzles were deployed.
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Figure 4.4: Temperature slice file on the scale of 20°C to 400°C of a 2.5 m tall vehicle, in the
order of 0 nozzle, 5 nozzles, 10 nozzles and 15 nozzles

It was unclear why, for the 3.5 m vehicle, the number of jet fans required did not reduce

with the increase of water nozzles.
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Figure 4.5: Temperature slice file on the scale of 20°C to 400°C of a 4.5 m tall vehicle, in the
order of 0 nozzle, 5 nozzles, 10 nozzles and 15 nozzles

The velocity profile over height when backlayering was prevented is shown in Fig. 4.6
for all three vehicle heights. For the 2.5 m tall vehicle, there was a significant increase
in velocity at high level (4 m and 5 m), and decrease at low level (1 m and 2 m) when
10 and 15 nozzles were used. These flow patterns were quite similar to the tests without
fire, as explained in Section 4.1. The further decrease in velocity when 15 nozzles were
used compared to the 10 nozzles case was likely due to the lesser number of jet fans

required to prevent backlayering (3 instead of 4).

For the 3.5 m tall vehicle the flow pattern was entirely different from the 2.5 m one, as
the velocities were almost straight lines ranging from 2.5 to 3.1 m/s, with the highest
velocity at middle level. The differences between tests were very small as the number of

jet fans required was the same for all tests.

Similar to the 3.5 m tall vehicle tests, the velocity profile for the 4.5 m tall vehicle was
rather flat, with a slight increase in negative gradient, with the largest difference in abso-
lute value not more than 30% for any tests. However due to the decrease of required jet
fans with increasing number of nozzles, the velocity also decreased accordingly at every
height. This agreed with the conclusion of a study by Wu and Hsu [35] that higher water
flow density leads to lower critical velocity. Although water flow density does not change
in this study, increasing number of nozzles is effectively causing higher water flow rate,

which is the same effect as increasing water flow density. Besides that, the additional
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Figure 4.6: Longitudinal velocity across tunnel height for three different vehicle height under
influence of different number of nozzles. Top: 2.5 m tall vehicle; bottom left: 3.5 m tall vehicle;
bottom right: 4.5 m tall vehicle

water vapour mass in the smoke layer and water curtain effect seemed to have little to
no effect on the result as there was no case in which more jet fans was required than the

test without any nozzle.

On the other hand, as shown in Table 4.5, by raising the height of the vehicle, the num-
ber of jet fan required to prevent backlayering also increased, regardless of how many
water nozzles were used. For instance, when five nozzles were used, it requires 4 fans
for a 3.5 m tall vehicle and 5 fans for a 4.5 m tall vehicle. It can be due to the larger

backlayering length that the taller vehicles caused.

Although in Eq. 8 the only factors affecting the backlayering length are the heat release
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rate, longitudinal ventilation velocity and tunnel height, for calculating dimensionless
quantities, the equation is only valid when there is no obstruction in the tunnel and does
not address the effect of the height of fire. However it is very likely that when the base
of fire is heightened, the further the ceiling jet and flame extension will spread, just like
the flame extension is larger in a compartment fire when the distance between base of

fire and ceiling is shorter [53].

In order to determine how the vehicle height will affect the backlayering length in FDS,
additional tests were conducted using no water nozzle and only two jet fans for each
vehicle height. Two jet fans were used because it will not prevent backlayering for all
three heights and using the same number of jet fans will make a fair comparison across

different tests. The FDS SMOKES3D files of the tests are shown in Fig. 4.7.

The result showed that the backlayering length increased a lot when taller vehicles were
used. The slice files of longitudinal velocity, as shown in Fig. 4.8, also showed that
the taller vehicles edin higher longitudinal velocity of smoke. Note that the scale in the
figure is from -6 to 0 m/s, therefore areas with positive velocity were in red. It can then
be explained that the more backlayering was, the more resistance hot smoke created to
impede the ventilation flow and therefore more jet fans were required to prevent back-

layering.

If Eq. 8 is modified with the tunnel height replaced by the height between the ceiling
of tunnel to base of fire, the backlayering length [* then relates to the height H with
this relationship: I* oc In(v/H) when Q* > 0.15, which is clearly wrong as proven above.
This shows that the height of the fire surface has to be taken into account explicitly
when calculating backlayering length and new equations shall be formulated similar to

the equations used in enclosure fire dynamics in the future.
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Figure 4.7: Comparison of FDS SMOKE3D files when simulating 2 jet fans for different vehicles.
Top: 2.5 m tall vehicle; mid: 3.5 m tall vehicle; bottom: 4.5 m tall vehicle
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Figure 4.8: Comparison of slice files of longitudinal velocity on the scale of -6 to 0 m/s when
simulating 2 jet fans for different vehicles. Top: 2.5 m tall vehicle; Mid: 3.5 m tall vehicle;
Bottom: 4.5 m tall vehicle

The result in Figure 4.8 can also be used to explain the difference in gradient of velocity
over height for different vehicle heights, as shown in Fig. 4.6, as the velocities were
at the highest at high level and at the lowest at low level for 2.5 m tall vehicle, and
exact opposite outcome for 3.5 m and 4.5 m tall vehicle. With lesser backlayering, the
result for 2.5 m vehicle was similar to the one without fire, as the hot smoke had little
influence on the ventilation. For 3.5 m vehicle, the cold jet fans flow bent downwards
to lower pressure zone when obstructed by high velocity smoke and causing the velocity
at the low level to increase. Even after backlayering was prevented, the ventilation flow
still bent down near the fire. It was unsure why the high velocity jet fan flow did not
revert to the original path after all the smoke was pushed back. An example slice file
of longitudinal velocity over time, as Fig. 4.9, showed the change in ventilation flow
direction. The flow pattern for the 4.5 m vehicle was similar to the 3.5 m one, except

with larger deflection on the jet fan flow.
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Figure 4.9: Comparison of slice files of longitudinal velocity for 3.5 m vehicle at different times
when there is fire and steady state without fire. In order: before jet fan flow interacts with smoke;
after jet fan flow interacts with smoke, before backlayering is prevented; after backlayering is
prevented and when there is no fire.

4.3 Scenarios with Varying Nozzles Location

The number of jet fans required to prevent backlayering for different nozzle locations
and vehicle heights is summarised in Table 4.6.

Table 4.6: Number of jet fans required for different nozzle locations and vehicle height

Nozzle Location Number of Jet Fan Required

Upstream of Fire 6
Directly above Fire 5
Downstream of Fire 4

The number of jet fan required Injecting water upstream was expected to have more
water landing on the fuel surface under longitudinal ventilation at the cost of creating
turbulence, slowing the flow down and less gas cooling since lesser water droplets will fall
in the smoke layer. Since this simulation has a fixed heat release rate for every scenario,
the effect of more water landing on the fuel surface for fuel cooling was not simulated,
and only the effect of extra turbulence and gas cooling can be determined. However
as water mist system was tested here, in reality most fine droplets are not expected to
land on the fuel surface due to lower terminal velocity and most droplets will evaporate
very quickly. Therefore it is reasonable to only look at the latter two effects. Also the
effect of water mist system blocking the smoke is not expected because of the presence

of longitudinal ventilation, according to Sun et al. [31]
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The turbulence created by the water mist injected upstream can be seen in Fig. 4.10,
which is the comparison of FDS SMOKESD files between placing the water nozzles
directly above the fire and upstream. Smoke stratification was lost when water droplets
were injected at the upstream of fire, as the water droplets flushed the smoke down and
also as the temperature stratification was less significant after the smoke was cooled

down, as discussed in Section 2.1.

[

Figure 4.10: Comparison of FDS SMOKE3D file when placing water nozzles at different locations.
Top: Directly above fire; bottom: 10 m Upstream of fire

The amount of water evaporated, as shown in Table 4.7, showed the big difference when
placing nozzles at different location. It cannot be determined if the effect of turbulence
created or less gas cooling was the main reason of causing more jet fans needed at up-

stream since both effects happened at the same time and cannot be decoupled.

Table 4.7: Amount of water evaporated when injected from different locations

Nozzle Location Mass of Evaporated Water (kg)

Upstream of Fire 8.23
Directly above Fire 21.79
Downstream of Fire 35.10

When placing the nozzles at downstream, it required one less jet fan to prevent backlay-
ering. This result coincided with the result in Table 4.5, as 1 less jet fan was required
when using 15 nozzles compared to 10 nozzles. This was expected as more water droplets
landed in the smoke layer under the influence of tunnel ventilation when the nozzles are
placed at downstream and result in more gas cooling, as seen in Table 4.7. Also there
was lesser turbulence created around the fire location when the nozzles were placed at

the downstream.



The results in this section showed that the recommendation in Engineering Guidance for
Water Based Fire Fighting Systems for the Protection of Tunnels and Subsurface Facili-
ties [4] that the water nozzles should be activated both at the upstream and downstream
of fire is not applicable to water mist system. However the same conclusion cannot be
made for water deluge system since fuel cooling will be an important and non-negligible

cooling mechanism and it was not simulated in this project.

4.4 Scenarios with Varying Design Fire Size

The number of jet fans required in order to prevent backlayering for different design fire

size is summarised in Fig. 4.11.
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Figure 4.11: Number of jet fans required for different design fire size

As seen from the result, the number of jet fan required almost linearly increased with
increasing fire size. This was the same as the conclusion of the study by Vaitkevicius
et al. [23], which is a similar study to this project except that there was no presence
of water mist system in their study. The mass of water evaporated from nozzles was
also very similar for all three cases, which was sensible because the water flow rate was
identical for all three cases, and air temperature directly above the fire was very high
for all three fire size and would evaporate the water droplets very quickly. This result
also showed that adding water mist to fire did not suppress fire throttling effect which

is more significant at larger fire size as more heat and volatile particles are added to the
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Figure 4.12: Number of jet fans required for different water droplet size

tunnel.

According to the equations proposed by Oka and Atkinson [9], and Wu and Bakar [10],
as discussed in Section 2.3.3, the critical velocity is constant beyond certain fire size. For
the tunnel of this simulation the corresponding fire size is 11.9 MW and 19.8 MW for both
theories using Eq. 2 and 3. The result from this section was clearly incompatible with
these theories as the number of jet fans required to prevent backlayering kept increasing
beyond the theoretical fire size, which means the theory of super critical velocity is not
feasible when designing real longitudinal ventilation system as the theory does not take

the fire throttling effect on ventilation system into account.

4.5 Scenarios with Varying Water Droplet Size

Three different water droplet median diameters, 100, 200 and 300 pm were tested using

the base set of parameter, and the result is shown in Fig. 4.12.

Figure 4.13 shows the amount of water vapour evaporated from nozzles and Fig. 4.14

shows the longitudinal velocity distribution over height for different diameters.
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Figure 4.13: Water vapour mass without backlayering for different water droplet size

100 pm
5 —— 200 ym
—— 300 um

=Y

Height (m)
w

2%

15 2 25 3 3.5 4
Velocity (m/s)

Figure 4.14: Longitudinal velocity distribution over height without backlayering for different
water droplet size
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As shown in Fig. 4.13, the smaller the diameter of water droplet was, the more water
vapour evaporated. Even though the total mass of water injected by nozzles only de-
pends on the K-factor and operating pressure, both not varied in these scenarios, with
smaller droplets there was more water vapour created. This was due to the ability of
smaller droplets to absorb more heat as its surface to volume ratio is significantly higher
than larger droplets’. The difference in the ratio between two droplet sizes is equal to
Ry /Ry, therefore a 100 pum droplet has twice as high surface to volume ratio as a 200
um droplet. However the ratio of water vapour mass between 100 pm and 200 pm from
the simulation result was only 1.48 and ratio between 100 um and 300 um was only
2.32, suggesting that an extra correlation factor is required to formulate the relationship
between water droplet size and how much water evaporates in smoke. Further discussion

is out of the scope of this project.

The decrease in longitudinal velocity when using smaller droplets, as shown in Fig. 4.14,
agreed with the finding of Wu and Hsu’s study [35] that the critical velocity decreases
with the droplet size. Despite that their simulation was done using a velocity boundary
vent at the tunnel portal, it is safe to say that the decreasing pattern on both studies
was caused by the decrease in water droplet size. Although their study used droplet size
of the range from 800 to 1200 um, the result here further extended the range of their

conclusion.

The gas cooling effect can be also demonstrated via temperature slice files across the
longitudinal direction of the tunnel, in Fig. 4.15. The slice files show that the gas tem-
perature when using 100 pm was the lowest compared to the other two, as the area in
red did not extend as far out as the other two cases. This shows that with smaller water

droplet, gas cooling was more effective.

As lesser jet fans were required to prevent backlayering when smaller droplets were used,

it can be concluded that the gas cooling effect dominated over the potential throttling
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Figure 4.15: Temperature slice file on the scale of 20°C to 500°C across the longitudinal direction.
Top: 100 pwm; Mid: 200 pm; Bottom: 300 um

Table 4.8: Comparison of number of jet fans required for backwards activation tests and the
corresponding original tests

Test Name Original Test Verification Test

33 4 4
34 4 4
35 5) 5
36 6 6

effect caused by extra water vapour mass and it therefore required lesser jet fans to

prevent backlayering when smaller droplets were used.

4.6 Verification Tests

4.6.1 Backwards Activation

The number of jet fans required by Test 33-36 compared to their original scenarios is all
summarised in Table 4.8. As seen, it required the same number of jet fans to prevent

backlayering regardless of the jet fan activation sequence.

The comparisons of velocity profile over height is shown in Fig. 4.16. The velocity
profile looked similar for all the scenarios, given that the velocity measurement in FDS
fluctuated a lot over time, it is reasonable to conclude that the flow pattern was not

affected by the activation sequence.
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Figure 4.16: Comparisons of velocity profile over height between original and verification test
for various scenarios. Top left: 2.5 m vehicle with 10 nozzles; top right: 3.5 m vehicle with 10

nozzles; bottom left: 4.5 m vehicle with 10 nozzles and bottom right: 4.5 m vehicle with no
nozzle

4.6.2 Grid Resolution Sensitivity Analysis

The number of jet fans required for the coarse, original and fine mesh tests is summarised
in Table 4.9 and the velocity profile over height is plotted in Fig. 4.17. The percentage

discrepancy of the velocity between the original and fine mesh is calculated in Table

4.10.

Table 4.9: Comparison of number of jet fans required for grid sensitivity analysis tests

Test Number of Jet Fan Required

Coarse 3
Original )
Fine 5

As seen, the result from the coarse test was very different from the original and fine test,
proving that meshes coarser than the original ones should not be used. Comparing the

results of original and fine test, it can be concluded that the two sets of results were
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Figure 4.17: Velocity profile over height for scenarios with different meshes

Table 4.10: Percentage discrepancy of velocity over height between the original and fine test

Height (m) Velocity in Fine Test (m/s) Percentage Discrepancy with Original Test (%)

) 3.02 10.66
4 3.10 2.56
3 3.04 -2.00
2 2.85 -3.70
1 2.57 -6.96

almost converging and the original meshes were fine enough for the simulation. Also,

the fine test took triple the time of the original test.

The results from these two verification tests provided a high level of confidence in the
overall methodologies and results in this project. However, in order to validate the results
of this project, it is recommended that small and large scale experiments are to be done.
Small scale experiments are particularly useful as there are many variables involved and

large scale experiments will take huge amount of resource to complete.
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5 Conclusions and Further Research

The main purpose of this project is to serve as a general practical guide for engineers
when designing the tunnel life safety system and strategy. Fire Dynamics Simulator
(FDS) Version 6.5.3 simulations have been carried out to investigate the interactions
among tunnel longitudinal ventilation system, water mist system and fire, with the ob-
jective of preventing smoke backlayering. A heavy good vehicle (HGV) has been used
as the fire source and placed close to the jet fans, as it is deemed to be the worst case

scenario.

A few general conclusions have been deduced from this project:

e In the absence of fire, the effect of introducing water mist droplets in the middle
of tunnel, acting as a water curtain, was uncertain. This was due to the lack of
obvious patterns from the simulation results, the lack of experimental results to
compare with and the lack of confidence that FDS is capable of simulating drag

induced by fine water droplets correctly.

e Taller vehicles required more jet fans to prevent backlayering, thus in a tunnel,
vehicles such as trucks and HGV possess the biggest challenge when designing
longitudinal ventilation system. This was largely due to the larger backlayering

length that taller vehicles on fire caused.

e The velocity profile over height changed completely when the height of the vehicle

was varied.

e Number of jet fans required reduced with the increase of water mist nozzles, re-

gardless of vehicle height, due to greater gas cooling effect.

e Placing the water mist nozzles at the upstream of fire resulted in more jet fans
required, due to the extra turbulence created when water droplets penetrated the
smoke layer and lesser gas cooling effect as lesser water droplets landed in the
smoke layer. On the opposite, placing the nozzles at the downstream resulted in

lesser jet fans required, for the same reasons. Therefore it is recommended to only
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activate the water mist system at the downstream of fire when fire is detected if

tunnel ventilation system is also activated simulanteously.

e Increasing the fire size resulted in more jet fans required, due to the fire throttling
effect, even for fire sizes beyond the super critical region where critical velocity will

remain constant regardless of fire size.

e Decreasing the water droplet size caused more gas cooling and therefore reducing

the number of jet fans required.

There are a few limitations of the simulation in this project, therefore they have to be

considered before applying the results into real life design:

e Due to the modelling of constant heat release rate, a few phenomena that were
previously observed in experiments could not be accurately simulated, such as the
flame suppression or extinguishment by water mist system, fire size enhancement

in the presence of forced ventilation, etc.

e Water mist droplets are lumped into larger Lagrangian particles in FDS to save
computational time. It is unsure if the drag force of flow passing fine water droplet

array is accurately simulated in the software.

e The effect of using time-varying parameters, such as growing fire size, jet fans

ramping up or zone activation of water nozzles were not studied in this project.

e The fire location was always near the jet fans in this project, it is unclear if the
aforementioned conclusions still hold if the fire is located far away from the jet

fans such that steady flow can be established before reaching the fire.

In the future, more researches should be conducted in the following directions:

e CFD simulation to further study the effects of other parameters such as spacing of
nozzles, distance between fire location and jet fan and nozzles discharge direction.
It is hoped that all the possible parameters can be placed together to form a

complete picture.

69



Experiments to validate the velocity measurement in FDS when flow passes through

water mist spray.

Small scale experiments to test if the conclusions made in this project are correct,

especially the parts with varying vehicle height and nozzle location.

Large scale experiments to validate the small scale experiments and formulate a
few relationships currently not present to quantitatively describe the parameters

related to tunnel fire dynamics, especially the factor of height of fire.

Validation of FDS after the experiments above are done especially on the interac-

tion between smoke and water mist droplets.
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Example: Scenario without Fire

nofire_h35 Sw.fds
Generated by PyroSim - Version 2017.2.1115
05-Mar-2018 15:58:07

&HEAD CHID="ofire_h35 5w/

&TIME T_END=500.0/

&DUMP RENDER_FILE=nofire_h35 5w.gel', MAXIMUM_PARTICLES=15000000, DT _DEVC=5.0,
DT _SLCF=10.0/

&MESH ID="1", IIK=48,8,7, XB=-120.0,-72.0,-1.0,7.0,0.0,7.0, MPI_PROCESS=0/
&MESH ID="3", IK=387,8,7, XB=113.0,500.0,-1.0,7.0,0.0,7.0, MPI_ PROCESS=0/
&MESH ID='BUFFER’, 1JK=45,16,14, XB=90.5,113.0,-1.0,7.0,0.0,7.0, MPI_PROCESS=0/
&MESH ID=JET', IIK=303,16,14, XB=-72.0,79.5,-1.0,7.0,0.0,7.0, MPI_ PROCESS=1/
&MESH ID=FIRE', 1JK=44,32,28, XB=79.5,90.5,-1.0,7.0,0.0,7.0, MPI PROCESS=2/

&SPEC ID="WATER VAPOR SPK', SPEC_ID="WATER VAPOR'/

&PART ID="WATER MIST",
SPEC ID="WATER VAPOR SPK,
DIAMETER=200.0/

&PROP ID="WATER MIST',
PART ID="WATER MIST,
K _FACTOR=4.3,
OPERATING PRESSURE=40.0,
PARTICLE_VELOCITY=15.0,
SPRAY ANGLE=30.0,80.0/

&DEVC ID="U-UP 0m_0', QUANTITY='U-VELOCITY', XYZ=70.5,0.5,0.25/
&DEVC ID="U-UP_0m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,0.25/
&DEVC ID="U-UP_0m_2', QUANTITY='U-VELOCITY", XYZ=70.5,2.5,0.25/
&DEVC ID="U-UP_0m_3', QUANTITY='U-VELOCITY", XYZ=70.5,3.5,0.25/
&DEVC ID="U-UP_0m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,0.25/
&DEVC ID="U-UP_0m_5', QUANTITY='U-VELOCITY", XYZ=70.5,5.5,0.25/
&DEVC ID="U-UP_Im_0', QUANTITY='U-VELOCITY", XYZ=70.5,0.5,1.25/
&DEVC ID="U-UP_Im_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,1.25/
&DEVC ID="U-UP_Im_2', QUANTITY='U-VELOCITY", XYZ=70.5,2.5,1.25/
&DEVC ID="U-UP_Im_3', QUANTITY='U-VELOCITY", XYZ=70.5,3.5,1.25/
&DEVC ID="U-UP_1m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,1.25/
&DEVC ID="U-UP_1m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,1.25/
&DEVC ID="U-UP_2m_0', QUANTITY='U-VELOCITY", XYZ=70.5,0.5,2.25/
&DEVC ID="U-UP 2m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,2.25/
&DEVC ID="U-UP 2m 2, QUANTITY='U-VELOCITY', XYZ=70.5,2.5,2.25/
&DEVC ID="U-UP 2m 3', QUANTITY="U-VELOCITY', XYZ=70.5,3.5,2.25/
&DEVC ID="U-UP 2m 4', QUANTITY="U-VELOCITY', XYZ=70.5,4.5,2.25/
&DEVC ID="U-UP 2m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,2.25/
&DEVC ID="U-UP 3m 0', QUANTITY="U-VELOCITY", XYZ=70.5,0.5,3.25/
&DEVC ID="U-UP 3m 1', QUANTITY="U-VELOCITY', XYZ=70.5,1.5,3.25/
&DEVC ID="U-UP 3m_2', QUANTITY='U-VELOCITY', XYZ=70.5,2.5,3.25/
&DEVC ID="U-UP 3m 3', QUANTITY="U-VELOCITY', XYZ=70.5,3.5,3.25/
&DEVC ID="U-UP 3m 4', QUANTITY="U-VELOCITY', XYZ=70.5,4.5,3.25/
&DEVC ID="U-UP 3m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,3.25/
&DEVC ID="U-UP_4m_0', QUANTITY='U-VELOCITY', XYZ=70.5,0.5,4.25/
&DEVC ID="U-UP_4m_1', QUANTITY="U-VELOCITY', XYZ=70.5,1.5,4.25/
&DEVC ID="U-UP_4m_2', QUANTITY='U-VELOCITY', XYZ=70.5,2.5,4.25/
&DEVC ID="U-UP_4m_3', QUANTITY='U-VELOCITY', XYZ=70.5,3.5,4.25/
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&DEVC ID="U-UP_4m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,4.25/
&DEVC ID="U-UP_4m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,4.25/
&DEVC ID="U-UP_5m_0', QUANTITY='U-VELOCITY', XYZ=70.5,0.5,5.25/
&DEVC ID="U-UP_5m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,5.25/
&DEVC ID="U-UP_5m_2', QUANTITY='U-VELOCITY', XYZ=70.5,2.5,5.25/
&DEVC ID="U-UP_5m_3', QUANTITY='U-VELOCITY', XYZ=70.5,3.5,5.25/
&DEVC ID="U-UP_5m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,5.25/
&DEVC ID="U-UP_5m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,5.25/

&DEVC ID="WATER MIST 1', PROP_ID="WATER MIST', XYZ=79.0,3.0,5.5, QUANTITY=TIME',
SETPOINT=0.0/
&DEVC ID="WATER MIST 2', PROP_ID="WATER MIST', XYZ=82.0,3.0,5.5, QUANTITY=TIME,
SETPOINT=0.0/
&DEVC ID="WATER MIST 3', PROP_ID="WATER MIST', XYZ=85.0,3.0,5.5, QUANTITY=TIME',
SETPOINT=0.0/
&DEVC ID="WATER MIST 4', PROP_ID="WATER MIST', XYZ=88.0,3.0,5.5, QUANTITY=TIME,
SETPOINT=0.0/
&DEVC ID="WATER MIST 5', PROP_ID="WATER MIST', XYZ=91.0,3.0,5.5, QUANTITY=TIME',
SETPOINT=0.0/

&OBST ID="par', XB=-100.0,500.0,-1.0,0.0,0.0,6.0, COLOR='"GRAY 60', SURF ID='INERT"

&OBST ID="par', XB=-100.0,500.0,6.0,7.0,0.0,6.0, COLOR='GRAY 60', SURF ID='INERT"

&OBST ID="par', XB=-100.0,500.0,-1.0,7.0,6.0,7.0, COLOR='GRAY 60', SURF ID='INERT"

&OBST ID="HGVpar', XB=80.0,90.0,1.5,4.5,1.0,3.5, COLOR='GRAY 60', SURF ID=INERT/

&OBST ID="JET FAN I\par, XB=27.0,29.0,0.5,1.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3\par, XB=27.0,29.0,4.5,5.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2\par, XB=27.0,29.0,2.5,3.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 1 SHROUD', XB=29.0,30.0,0.5,0.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 1 SHROUD', XB=29.0,30.0,0.5,1.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID=JET FAN 1 SHROUD', XB=29.0,30.0,0.5,1.5,4.5,4.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID=JET FAN 1 SHROUD', XB=29.0,30.0,1.5,1.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,2.5,2.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,3.5,3.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT/
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,2.5,3.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,2.5,3.5,4.5,4.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,4.5,4.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,5.5,5.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,4.5,5.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,4.5,5.5,4.5,4.5, RGB=51,102,255, SURF_ID='INERT"

&VENT ID='Mesh Vent: 1 [XMIN], SURF_ID='OPEN', XB=-120.0,-120.0,-1.0,7.0,0.0,7.0/
&VENT ID='Mesh Vent: 3 [XMAX]', SURF_ID='OPEN', XB=500.0,500.0,-1.0,7.0,0.0,7.0/
&VENT ID='LEAK', SURF_ID='OPEN', XB=76.0,76.5,2.0,2.5,0.0,0.0/

&VENT ID='OUTI1', SURF_ID='HVAC', XB=29.0,29.0,0.5,1.5,4.5,5.5, COLOR=BLUE/
&VENT ID='OUT?2", SURF_ID='HVAC', XB=29.0,29.0,2.5,3.5,4.5,5.5, COLOR=BLUE/
&VENT ID="IN3', SURF ID="HVAC', XB=27.0,27.0,4.5,5.5,4.5,5.5, COLOR='BLUE!/
&VENT ID='IN2', SURF_ID='HVAC', XB=27.0,27.0,2.5,3.5,4.5,5.5, COLOR='"BLUE"/
&VENT ID='IN1', SURF_ID='HVAC', XB=27.0,27.0,0.5,1.5,4.5,5.5, COLOR='"BLUE"/
&VENT ID='OUT3', SURF_ID='HVAC', XB=29.0,29.0,4.5,5.5,4.5,5.5, COLOR="BLUE/

&HVAC ID='IN1', TYPE ID='NODE', DUCT ID='JET FAN 1', VENT ID=IN1"/

&HVAC ID='OUT1', TYPE ID=NODE', DUCT ID=JET FAN 1', VENT ID='OUT1"/
&HVAC ID=JET FAN 1', TYPE ID=DUCT', DIAMETER=0.84, VOLUME FLOW=16.9,
NODE ID=IN1.'OUT!', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID='OUT2', TYPE ID=NODE', DUCT ID=JET FAN 2', VENT ID='OUT2'/
&HVAC ID='OUT3', TYPE ID=NODE', DUCT ID=JET FAN 3', VENT ID='OUT3"/
&HVAC ID='JET FAN 2', TYPE ID=DUCT', DIAMETER=0.84, VOLUME FLOW=16.9,
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NODE ID=IN2''OUT2', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID=JET FAN 3', TYPE_ID='DUCT', DIAMETER=0.84, VOLUME_FLOW=16.9,
NODE_ID="IN3"'OUT3', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID='IN3', TYPE ID=NODE', DUCT ID=JET FAN 3', VENT ID='IN3Y

&HVAC ID='IN2', TYPE_ID=NODE', DUCT_ID=JET FAN 2', VENT_ID="IN2"/

&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBY=3.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBY=1.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=TRUE., PBY=5.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBZ=1.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBZ=2.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBZ=3.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBZ=4.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBZ=5.0/
&SLCF QUANTITY=TEMPERATURE', VECTOR=.TRUE., PBZ=5.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBZ=5.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=TRUE., PBZ=5.5/
&SLCF QUANTITY=VELOCITY', VECTOR=TRUE., PBZ=4.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=4.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBZ=3.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=3.5/
&SLCF QUANTITY=VELOCITY', VECTOR=TRUE., PBZ=2.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=2.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBZ=1.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=1.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBY=3.0/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBY=1.0/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBY=5.0/

&TAIL/
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Example: Base Case Scenario

v40MW _h45 10w _final.fds
Generated by PyroSim - Version 2017.2.1115
02-Apr-2018 16:18:24

&HEAD CHID="v40MW _h45 10w _final/

&TIME T_END=1000.0/

&DUMP RENDER_FILE='v40MW _h45 10w _final.gel’, MAXIMUM_PARTICLES=15000000,
DT DEVC=5.0, DT_SLCF=10.0/

&MESH ID='1", IJK=48,8,7, XB=-120.0,-72.0,-1.0,7.0,0.0,7.0, MPI PROCESS=0/
&MESH ID="3', [JK=387,8,7, XB=113.0,500.0,-1.0,7.0,0.0,7.0, MPI PROCESS=0/
&MESH ID='BUFFER’, IJK=45,16,14, XB=90.5,113.0,-1.0,7.0,0.0,7.0, MP_PROCESS=0/
&MESH ID="JET', IJK=303,16,14, XB=-72.0,79.5,-1.0,7.0,0.0,7.0, MPI PROCESS=1/
&MESH ID="FIRE', JK=44,32,18, XB=79.5,90.5,-1.0,7.0,0.0,4.5, MPI PROCESS=2/
&MESH ID="FIRE-2', 1JK=44,16,10, XB=79.5,90.5,-1.0,3.0,4.5,7.0, MPI PROCESS=3/
&MESH ID="FIRE-4', 1JK=44,16,10, XB=79.5,90.5,3.0,7.0,4.5,7.0, MPI PROCESS=4/

&SPEC ID="WATER VAPOR SPK', SPEC_ID="WATER VAPOR'/

&PART ID="WATER MIST",
SPEC ID="WATER VAPOR SPK,
DIAMETER=200.0/

&REAC ID='HGV',
FUEL=REAC FUEL!,
C=1.0,
H=2.0,
0=0.62,
CO_YIELD=0.012,
SOOT YIELD=0.012,
HEAT OF COMBUSTION=2.0E4/

&PROP ID="WATER MIST',
PART ID="WATER MIST',
K_FACTOR=4.3,
OPERATING PRESSURE=40.0,
PARTICLE_VELOCITY=15.0,
SPRAY ANGLE=30.0,80.0/

&DEVC ID='SPK H20_1', QUANTITY='DENSITY", SPEC_ID="WATER VAPOR SPK,,
STATISTICS='VOLUME INTEGRAL', XB=-72.0,79.5,-1.0,7.0,0.0,7.0/

&DEVC ID='SPK H20 2', QUANTITY='DENSITY", SPEC ID="WATER VAPOR SPK,
STATISTICS='VOLUME INTEGRAL', XB=79.5,90.5,-1.0,7.0,0.0,4.5/

&DEVC ID='SPK H20 3', QUANTITY='DENSITY', SPEC_ID="WATER VAPOR SPK,
STATISTICS='VOLUME INTEGRAL', XB=79.5,90.5,-1.0,3.0,4.5,7.0/

&DEVC ID='SPK H20 4', QUANTITY='DENSITY', SPEC_ID="WATER VAPOR SPK,
STATISTICS='VOLUME INTEGRAL', XB=79.5,90.5,3.0,7.0,4.5,7.0/

&DEVC ID='"SPK H20 5', QUANTITY='DENSITY', SPEC_ID="WATER VAPOR SPK,
STATISTICS='VOLUME INTEGRAL', XB=90.5,113.0,-1.0,7.0,0.0,7.0/

&DEVC ID="Soot 79m _01', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,0.25,5.75/
&DEVC ID="Soot_79m_1', QUANTITY='MASS FRACTION!', SPEC_ID='SOOT", XYZ=79.25,1.25,5.75/
&DEVC ID="Soot 79m _2', QUANTITY=MASS FRACTION', SPEC ID='SOOT', XYZ=79.25,2.25,5.75/
&DEVC ID="Soot 79m_3', QUANTITY=MASS FRACTION', SPEC ID='SOOT", XYZ=79.25,3.25,5.75/
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&DEVC ID="Soot_79m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,4.25,5.75/
&DEVC ID="Soot_79m_5', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,5.25,5.75/
&DEVC ID="U-UP_1m_0', QUANTITY='U-VELOCITY", XYZ=70.5,0.5,1.25/
&DEVC ID="U-UP_1m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,1.25/
&DEVC ID="U-UP_1m_2', QUANTITY='U-VELOCITY', XYZ=70.5,2.5,1.25/
&DEVC ID="U-UP_1m_3', QUANTITY='U-VELOCITY', XYZ=70.5,3.5,1.25/
&DEVC ID="U-UP_1m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,1.25/
&DEVC ID="U-UP_Im_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,1.25/
&DEVC ID="U-UP_2m_0', QUANTITY='U-VELOCITY", XYZ=70.5,0.5,2.25/
&DEVC ID="U-UP 2m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,2.25/
&DEVC ID="U-UP 2m 2, QUANTITY='U-VELOCITY', XYZ=70.5,2.5,2.25/
&DEVC ID="U-UP_2m_3', QUANTITY='U-VELOCITY', XYZ=70.5,3.5,2.25/
&DEVC ID="U-UP 2m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,2.25/
&DEVC ID="U-UP 2m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,2.25/
&DEVC ID="U-UP_3m_0', QUANTITY='U-VELOCITY', XYZ=70.5,0.5,3.25/
&DEVC ID="U-UP _3m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,3.25/
&DEVC ID="U-UP 3m_2', QUANTITY='U-VELOCITY', XYZ=70.5,2.5,3.25/
&DEVC ID="U-UP_3m_3', QUANTITY='U-VELOCITY", XYZ=70.5,3.5,3.25/
&DEVC ID="U-UP_3m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,3.25/
&DEVC ID="U-UP 3m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,3.25/
&DEVC ID="U-UP_4m_0', QUANTITY='U-VELOCITY', XYZ=70.5,0.5,4.25/
&DEVC ID="U-UP_4m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,4.25/
&DEVC ID="U-UP_4m 2, QUANTITY='U-VELOCITY', XYZ=70.5,2.5,4.25/
&DEVC ID="U-UP_4m_3', QUANTITY='U-VELOCITY', XYZ=70.5,3.5,4.25/
&DEVC ID="U-UP_4m_4', QUANTITY='U-VELOCITY', XYZ=70.5,4.5,4.25/
&DEVC ID="U-UP_4m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,4.25/
&DEVC ID="U-UP_5m_0', QUANTITY='U-VELOCITY', XYZ=70.5,0.5,5.25/
&DEVC ID="U-UP_5m_1', QUANTITY='U-VELOCITY', XYZ=70.5,1.5,5.25/
&DEVC ID="U-UP_5m_2', QUANTITY='U-VELOCITY", XYZ=70.5,2.5,5.25/
&DEVC ID="U-UP_5m_3', QUANTITY='U-VELOCITY', XYZ=70.5,3.5,5.25/
&DEVC ID="U-UP_5m_4', QUANTITY='U-VELOCITY", XYZ=70.5,4.5,5.25/
&DEVC ID="U-UP_5m_5', QUANTITY='U-VELOCITY', XYZ=70.5,5.5,5.25/

&DEVC ID="Soot_78m_01', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,0.25,5.75/
&DEVC ID="Soot_78m_1'", QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,1.25,5.75/
&DEVC ID="Soot_78m_2', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,2.25,5.75/
&DEVC ID="Soot_78m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT", XYZ=78.25,3.25,5.75/
&DEVC ID="Soot_78m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,4.25,5.75/
&DEVC ID="Soot_78m_5', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,5.25,5.75/
&DEVC ID="Soot_77m_01', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,0.25,5.75/
&DEVC ID="Soot_77m_1', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,1.25,5.75/
&DEVC ID="Soot_77m_2', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,2.25,5.75/
&DEVC ID="Soot_77m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,3.25,5.75/
&DEVC ID="Soot_77m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,4.25,5.75/
&DEVC ID="Soot_77m_5', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,5.25,5.75/
&DEVC ID="Soot_76m_01', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,0.25,5.75/
&DEVC ID="Soot_76m_1', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,1.25,5.75/
&DEVC ID='Soot_76m_2', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,2.25,5.75/
&DEVC ID="Soot_76m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,3.25,5.75/
&DEVC ID="Soot_76m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,4.25,5.75/
&DEVC ID='Soot_76m_5', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,5.25,5.75/
&DEVC ID="Soot_75m_01', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,0.25,5.75/
&DEVC ID="Soot_75m_1', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,1.25,5.75/
&DEVC ID='Soot_75m_2', QUANTITY=MASS FRACTION!, SPEC_ID='SOOT', XYZ=75.25,2.25,5.75/
&DEVC ID='Soot_75m_3', QUANTITY=MASS FRACTION!, SPEC_ID='"SOOT', XYZ=75.25,3.25,5.75/
&DEVC ID="Soot_75m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,4.25,5.75/
&DEVC ID='Soot_75m_5', QUANTITY="MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,5.25,5.75/

&DEVC ID="Soot2 79m 0', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,0.25,5.25/
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&DEVC ID="Soot2_79m _01', QUANTITY="MASS FRACTION!, SPEC_ID="SOOT', XYZ=79.25,1.25,5.25/
&DEVC ID="Soot2_79m_02', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=79.25,2.25,5.25/
&DEVC ID="Soot2_79m_03', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,3.25,5.25/
&DEVC ID="Soot2_79m_04', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=79.25,4.25,5.25/
&DEVC ID="Soot2_79m_05', QUANTITY='MASS FRACTION!, SPEC_ID='"SOOT', XYZ=79.25,5.25,5.25/
&DEVC ID="Soot2_78m_0', QUANTITY="MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,0.25,5.25/

&DEVC ID="Soot2_78m _01', QUANTITY="MASS FRACTION!, SPEC_ID="SOOT', XYZ=78.25,1.25,5.25/
&DEVC ID="Soot2_78m_02', QUANTITY="MASS FRACTION!, SPEC_ID="SOOT', XYZ=78.25,2.25,5.25/
&DEVC ID="Soot2_78m_03', QUANTITY='MASS FRACTION', SPEC_ID="SOOT', XYZ=78.25,3.25,5.25/
&DEVC ID="Soot2_78m_04', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=78.25,4.25,5.25/
&DEVC ID="Soot2_78m_05', QUANTITY="MASS FRACTION!, SPEC_ID="SOOT', XYZ=78.25,5.25,5.25/
&DEVC ID="Soot2_77m_0', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,0.25,5.25/

&DEVC ID="Soot2_77m_01', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=77.25,1.25,5.25/
&DEVC ID="Soot2_77m_02', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=77.25,2.25,5.25/
&DEVC ID="Soot2_77m_03', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=77.25,3.25,5.25/
&DEVC ID="Soot2_77m_04', QUANTITY='MASS FRACTION!, SPEC_ID='"SOOT', XYZ=77.25,4.25,5.25/
&DEVC ID="Soot2_77m_05', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=77.25,5.25,5.25/
&DEVC ID="Soot2_76m_0', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,0.25,5.25/

&DEVC ID="Soot2_76m_01', QUANTITY="MASS FRACTION!, SPEC_ID='"SOOT', XYZ=76.25,1.25,5.25/
&DEVC ID="Soot2_76m_02', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=76.25,2.25,5.25/
&DEVC ID="Soot2_76m_03', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=76.25,3.25,5.25/
&DEVC ID="Soot2_76m_04', QUANTITY="MASS FRACTION!, SPEC_ID='"SOOT', XYZ=76.25,4.25,5.25/
&DEVC ID="Soot2_76m_05', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=76.25,5.25,5.25/
&DEVC ID="Soot2_75m_0', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,0.25,5.25/

&DEVC ID="Soot2_75m_01', QUANTITY="MASS FRACTION!, SPEC_ID='"SOOT', XYZ=75.25,1.25,5.25/
&DEVC ID="Soot2_75m_02', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=75.25,2.25,5.25/
&DEVC ID="Soot2_75m_03', QUANTITY='MASS FRACTION!, SPEC_ID="SOOT', XYZ=75.25,3.25,5.25/
&DEVC ID="Soot2_75m_04', QUANTITY="MASS FRACTION!, SPEC_ID="SOOT', XYZ=75.25,4.25,5.25/
&DEVC ID="Soot2_75m_05', QUANTITY='MASS FRACTION', SPEC_ID="SOOT', XYZ=75.25,5.25,5.25/

&DEVC ID="Soot3_79m_0', QUANTITY="MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,0.25,4.75/
&DEVC ID="Soot3_79m_1', QUANTITY="MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,1.25,4.75/
&DEVC ID="Soot3_79m_2', QUANTITY=MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,2.25,4.75/
&DEVC ID="Soot3_79m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,3.25,4.75/
&DEVC ID="Soot3_79m_4', QUANTITY="MASS FRACTION', SPEC_ID='SOOT', XYZ=79.25,4.25,4.75/
&DEVC ID="Soot3_79m_5', QUANTITY=MASS FRACTION', SPEC_ID='"SOOT', XYZ=79.25,5.25,4.75/
&DEVC ID="Soot3_78m_0', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,0.25,4.75/
&DEVC ID="Soot3_78m_1', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,1.25,4.75/
&DEVC ID="Soot3_78m 2', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,2.25,4.75/
&DEVC ID="Soot3_78m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,3.25,4.75/
&DEVC ID="Soot3_78m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,4.25,4.75/
&DEVC ID="Soot3_78m_5', QUANTITY="MASS FRACTION', SPEC_ID='SOOT', XYZ=78.25,5.25,4.75/
&DEVC ID="Soot3_77m_0', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,0.25,4.75/
&DEVC ID="Soot3_77m_1', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,1.25,4.75/
&DEVC ID="Soot3_77m_2', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,2.25,4.75/
&DEVC ID="Soot3 77m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,3.25,4.75/
&DEVC ID="Soot3_77m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=77.25,4.25,4.75/
&DEVC ID='Soot3_77m_5', QUANTITY=MASS FRACTION', SPEC_ID='SOOT"', XYZ=77.25,5.25,4.75/
&DEVC ID="Soot3_76m_0', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,0.25,4.75/
&DEVC ID="Soot3_76m_1', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,1.25,4.75/
&DEVC ID='Soot3_76m_2', QUANTITY='MASS FRACTION', SPEC_ID='SOOT"', XYZ=76.25,2.25,4.75/
&DEVC ID="Soot3_76m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,3.25,4.75/
&DEVC ID="Soot3_76m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,4.25,4.75/
&DEVC ID='Soot3_76m_5', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=76.25,5.25,4.75/
&DEVC ID='Soot3_75m_0', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,0.25,4.75/
&DEVC ID="Soot3_75m_1', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,1.25,4.75/
&DEVC ID='Soot3_75m_2', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,2.25,4.75/
&DEVC ID='Soot3_75m_3', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,3.25,4.75/
&DEVC ID="Soot3_75m_4', QUANTITY='MASS FRACTION', SPEC_ID='SOOT', XYZ=75.25,4.25,4.75/
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&DEVC ID="Soot3_75m_5', QUANTITY='MASS FRACTION', SPEC ID='SOOT', XYZ=75.25,5.25,4.75/

&DEVC ID="WATER MIST 1', PROP_ID="WATER MIST', XYZ=79.0,1.5,5.5, QUANTITY=TIME,
SETPOINT=0.0/

&DEVC ID="WATER MIST 2', PROP_ID="WATER MIST', XYZ=82.0,1.5,5.5, QUANTITY=TIME',
SETPOINT=0.0/

&DEVC ID="WATER MIST 3', PROP_ID="WATER MIST', XYZ=85.0,1.5,5.5, QUANTITY=TIME',
SETPOINT=0.0/

&DEVC ID="WATER MIST 4', PROP_ID="WATER MIST', XYZ=88.0,1.5,5.5, QUANTITY=TIME,
SETPOINT=0.0/

&DEVC ID="WATER MIST 5', PROP_ID="WATER MIST', XYZ=91.0,1.5,5.5, QUANTITY=TIME,
SETPOINT=0.0/

&DEVC ID="WATER MIST 6', PROP_ID="WATER MIST', XYZ=79.0,4.5,5.5, QUANTITY=TIME',
SETPOINT=0.0/

&DEVC ID="WATER MIST 7', PROP_ID="WATER MIST', XYZ=82.0,4.5,5.5, QUANTITY=TIME',
SETPOINT=0.0/

&DEVC ID="WATER MIST &', PROP_ID="WATER MIST', XYZ=85.0,4.5,5.5, QUANTITY=TIME,
SETPOINT=0.0/

&DEVC ID="WATER MIST 9', PROP_ID="WATER MIST', XYZ=88.0,4.5,5.5, QUANTITY=TIME',
SETPOINT=0.0/

&DEVC ID="WATER MIST 10', PROP_ID="WATER MIST', XYZ=91.0,4.5,5.5, QUANTITY='TIME,
SETPOINT=0.0/

&SURF ID='FIRE/,
FYI='100MW',
COLOR=RED,,
HRRPUA=666.7/

&OBST ID="par', XB=-100.0,500.0,-1.0,0.0,0.0,6.0, COLOR='GRAY 60', SURF ID='INERT"

&OBST ID="par', XB=-100.0,500.0,6.0,7.0,0.0,6.0, COLOR='GRAY 60', SURF ID=INERT

&OBST ID="par', XB=-100.0,500.0,-1.0,7.0,6.0,7.0, COLOR="INVISIBLE', SURF_ID=NERT"

&OBST ID="HGVpar', XB=80.0,90.0,1.5,4.5,1.0,4.5, COLOR='GRAY 60', SURF ID=INERT/

&OBST ID="JET FAN I\par, XB=27.0,29.0,0.5,1.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3\par, XB=27.0,29.0,4.5,5.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2\par, XB=27.0,29.0,2.5,3.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 1 SHROUD', XB=29.0,30.0,0.5,0.5,4.5,5.5, RGB=51,102,255, SURF_ID=INERT/
&OBST ID="JET FAN 1 SHROUD', XB=29.0,30.0,0.5,1.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID=JET FAN 1 SHROUD', XB=29.0,30.0,0.5,1.5,4.5,4.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 1 SHROUD', XB=29.0,30.0,1.5,1.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT/
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,2.5,2.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,3.5,3.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,2.5,3.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 2 SHROUD', XB=29.0,30.0,2.5,3.5,4.5,4.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,4.5,4.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,5.5,5.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,4.5,5.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 3 SHROUD', XB=29.0,30.0,4.5,5.5,4.5,4.5, RGB=51,102,255, SURF_ID='INERT/
&OBST ID="JET FAN 4', XB=-23.0,-21.0,0.5,1.5,4.5,5.5, RGB=51,102,255, SURF_ID=TNERT/

&OBST ID="JET FAN 4 SHROUD', XB=-21.0,-20.0,0.5,0.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT'
&OBST ID="JET FAN 4 SHROUD', XB=-21.0,-20.0,0.5,1.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT'
&OBST ID="JET FAN 4 SHROUD', XB=-21.0,-20.0,0.5,1.5,4.5,4.5, RGB=51,102,255, SURF_ID="INERT"
&OBST ID="JET FAN 4 SHROUD', XB=-21.0,-20.0,1.5,1.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 5', XB=-23.0,-21.0,2.5,3.5,4.5,5.5, RGB=51,102,255, SURF_ID=INERT/

&OBST ID="JET FAN 5 SHROUD', XB=-21.0,-20.0,2.5,2.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 5 SHROUD', XB=-21.0,-20.0,3.5,3.5,4.5,5.5, RGB=51,102,255, SURF_ID="INERT"
&OBST ID="JET FAN 5 SHROUD', XB=-21.0,-20.0,2.5,3.5,5.5,5.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 5 SHROUD', XB=-21.0,-20.0,2.5,3.5,4.5,4.5, RGB=51,102,255, SURF_ID='INERT"
&OBST ID="JET FAN 6, XB=-23.0,-21.0,4.5,5.5,4.5,5.5, RGB=51,102,255, SURF_ID=INERT/

&OBST ID="JET FAN 6 SHROUD', XB=-21.0,-20.0,5.5,5.5,4.5,5.5, RGB=51,102,255, SURF_ID='INERT"/
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&OBST ID='JET FAN 6 SHROUD', XB=-21.0,-20.0,4.5,5.5,5.5,5.5, RGB=51,102,255, SURF_ID="INERT"/
&OBST ID='JET FAN 6 SHROUD', XB=-21.0,-20.0,4.5,5.5,4.5,4.5, RGB=51,102,255, SURF_ID="INERT"/
&OBST ID='JET FAN 6 SHROUD', XB=-21.0,-20.0,4.5,4.5,4.5,5.5, RGB=51,102,255, SURF_ID="INERT"/

&VENT ID='Mesh Vent: 1 [XMIN], SURF_ID='OPEN', XB=-120.0,-120.0,-1.0,7.0,0.0,7.0/
&VENT ID='Mesh Vent: 3 [XMAX]', SURF_ID='OPEN', XB=500.0,500.0,-1.0,7.0,0.0,7.0/
&VENT ID='LEAK', SURF_ID='OPEN', XB=76.0,76.5,2.0,2.5,0.0,0.0/

&VENT ID=Firel', SURF_ID='FIRE', XB=80.0,90.0,1.5,1.5,3.0,4.5/

&VENT ID="Fire2', SURF_ID='FIRE', XB=80.0,90.0,4.5,4.5,3.0,4.5/

&VENT ID=Fire3', SURF_ID=FIRE', XB=80.0,90.0,1.5,4.5,4.5,4.5/

&VENT ID='OUT!', SURF ID='HVAC', XB=29.0,29.0,0.5,1.5,4.5,5.5, COLOR=BLUE/
&VENT ID='OUT?2", SURF_ID='HVAC', XB=29.0,29.0,2.5,3.5,4.5,5.5, COLOR=BLUE/
&VENT ID='IN3', SURF ID="HVAC', XB=27.0,27.0,4.5,5.5,4.5,5.5, COLOR="BLUE'/
&VENT ID='IN2', SURF_ID='HVAC', XB=27.0,27.0,2.5,3.5,4.5.5.5, COLOR="BLUE'/
&VENT ID='IN1', SURF_ID="HVAC', XB=27.0,27.0,0.5,1.5,4.5,5.5, COLOR='"BLUE!/
&VENT ID='OUT3", SURF_ID='HVAC', XB=29.0,29.0,4.5,5.5,4.5,5.5, COLOR='BLUE/
&VENT ID='IN4', SURF ID='HVAC', XB=-23.0,-23.0,0.5,1.5,4.5.5.5, COLOR='BLUE/
&VENT ID='OUT4", SURF_ID='HVAC', XB=-21.0,-21.0,0.5,1.5,4.5,5.5, COLOR=BLUE/
&VENT ID='IN5', SURF_ID="HVAC', XB=-23.0,-23.0,2.5,3.5,4.5,5.5, COLOR='BLUE/
&VENT ID='OUTS'", SURF_ID='HVAC', XB=-21.0,-21.0,2.5,3.5,4.5,5.5, COLOR="BLUE/
&VENT ID='IN6', SURF ID='HVAC', XB=-23.0,-23.0,4.5,5.5,4.5.5.5, COLOR='"BLUE/
&VENT ID='OUT6', SURF_ID="HVAC', XB=-21.0,-21.0,4.5,5.5,4.5,5.5, COLOR=BLUE/

&HVAC ID='IN1', TYPE_ID=NODE', DUCT ID="JET FAN 1', VENT ID='IN1Y

&HVAC ID='OUT1', TYPE_ID='NODE', DUCT ID='JET FAN 1', VENT ID="OUT1Y

&HVAC ID='JET FAN 1, TYPE_ID='DUCT', DIAMETER=0.84, VOLUME_FLOW=16.9,
NODE_ID='IN1'/OUT1', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID='OUT2', TYPE_ID='NODE', DUCT ID='JET FAN 2', VENT ID='OUT2/

&HVAC ID='OUT3', TYPE_ID='NODE', DUCT ID='JET FAN 3', VENT ID="OUT3Y

&HVAC ID='JET FAN 2', TYPE_ID='DUCT', DIAMETER=0.84, VOLUME_FLOW=16.9,
NODE_ID="IN2''OUT2', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID=TET FAN 3', TYPE_ID='DUCT', DIAMETER=0.84, VOLUME_FLOW=16.9, RAMP_ID="JET
FAN 3 RAMP ID', NODE ID=N3''OUT3', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID='IN3', TYPE_ID=NODE', DUCT ID="JET FAN 3', VENT ID='IN3Y

&HVAC ID=IN2', TYPE_ID='NODE', DUCT ID="JET FAN 2', VENT ID="IN2/

&HVAC ID='IN4", TYPE_ID=NODE', DUCT ID="JET FAN 4', VENT ID='IN4/

&HVAC ID='OUT4', TYPE ID='NODE', DUCT ID='JET FAN 4', VENT ID="OUT4/

&HVAC ID=TET FAN 4, TYPE_ID='DUCT', DIAMETER=0.84, VOLUME_FLOW=16.9, RAMP_ID="JET
FAN 4 RAMP ID'NODE ID=IN4''OUT4', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID='IN5', TYPE_ID=NODE', DUCT ID="JET FAN 5', VENT ID='IN5/

&HVAC ID='OUT5', TYPE_ID=NODE', DUCT ID='JET FAN 5', VENT ID="OUTS5Y

&HVAC ID=TET FAN 5', TYPE_ID='DUCT', DIAMETER=0.84, VOLUME_FLOW=16.9, RAMP_ID="JET
FAN 5 RAMP ID'NODE_ID=IN5''OUT5', ROUGHNESS=1.0E-3, LENGTH=2.0/

&HVAC ID='IN6", TYPE_ID=NODE', DUCT ID="JET FAN 6', VENT ID='IN6

&HVAC ID='OUT6', TYPE_ID=NODE', DUCT ID='JET FAN 6', VENT ID="OUT6

&HVAC ID=JET FAN 6', TYPE_ID="DUCT', DIAMETER=0.84, VOLUME_FLOW=16.9, RAMP ID="JET
FAN 6 RAMP ID', NODE_ID=IN6''OUT6', ROUGHNESS=1.0E-3, LENGTH=2.0/

&RAMP ID='JET FAN 3 RAMP_ID', T=0.0, F=0.0/
&RAMP ID="JET FAN 3 RAMP_ID', T=300.0, F=0.0/
&RAMP ID=JET FAN 3 RAMP_ID', T=310.0, F=1.0/
&RAMP ID='JET FAN 3 RAMP_ID', T=1500.0, F=1.0/

&RAMP ID=JET FAN 4 RAMP_ID', T=0.0, F=0.0/
&RAMP ID=JET FAN 4 RAMP_ID', T=600.0, F=0.0/
&RAMP ID="JET FAN 4 RAMP_ID', T=610.0, F=1.0/
&RAMP ID=JET FAN 4 RAMP_ID', T=1500.0, F=1.0/

&RAMP ID='JET FAN 5 RAMP_ID', T=0.0, F=0.0/
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&RAMP ID=JET FAN 5 RAMP_ID', T=900.0, F=0.0/
&RAMP ID=JET FAN 5_RAMP_ID', T=910.0, F=1.0/
&RAMP ID=JET FAN 5_RAMP_ID', T=1500.0, F=1.0/

&RAMP ID=JET FAN 6_RAMP_ID', T=0.0, F=0.0/

&RAMP ID=JET FAN 6_RAMP_ID', T=1200.0, F=0.0/
&RAMP ID=JET FAN 6 RAMP_ID', T=1210.0, F=1.0/
&RAMP ID=JET FAN 6 RAMP_ID', T=1500.0, F=1.0/

&SLCF QUANTITY=TEMPERATURE', PBY=3.0/

&SLCF QUANTITY=TEMPERATURE', PBY=1.0/

&SLCF QUANTITY=TEMPERATURE', PBY=5.0/

&SLCF QUANTITY=TEMPERATURE', PBZ=1.0/

&SLCF QUANTITY=TEMPERATURE', PBZ=2.0/

&SLCF QUANTITY=TEMPERATURE', PBZ=3.0/

&SLCF QUANTITY=TEMPERATURE', PBZ=4.0/

&SLCF QUANTITY=TEMPERATURE', PBZ=5.0/

&SLCF QUANTITY=TEMPERATURE', PBZ=5.5/

&SLCF QUANTITY=VELOCITY', VECTOR=TRUE., PBZ=5.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=5.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBZ=4.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=4.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBZ=3.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=3.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBZ=2.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=2.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBZ=1.5/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBZ=1.5/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBY=3.0/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBY=1.0/
&SLCF QUANTITY="VELOCITY', VECTOR=TRUE., PBY=5.0/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBY=3.0/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBY=1.0/
&SLCF QUANTITY="U-VELOCITY', VECTOR=.TRUE., PBY=5.0/
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