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ABSTRACT. This work focuses on CFD analysis of flows in tunnels with longitudinal ventilation in normal and critical operating conditions. An advanced simulation methodology able to accurately predict the fire spread in tunnels in different jet-fans operating conditions has been developed. The standard RANS k- approach has been chosen for turbulence modeling. The radiative effects has been taken in account with both a synthetic and direct treatment. Finite Volume approach with dense BFC co-located grid has been used for the discretisation of model equations. A validation procedure has been carried out against the full-scale fire tests from Memorial Tunnel Fire Ventilation Test Program. Both a cold and fire tests (with a total heat release equal to 10 MW) have been carried out. The comparison with experimental evidences shows the model capabilities in representing the main flows characteristic such as temperature and velocity fields and allows to investigate the presence of back-layering effects.
NOMENCLATURE
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Latin letters

D
= flame distance from the ceiling

Frc
= critical Froud number

H
= height of the channel
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= mass flow rate

Q
= heat production

S
= passage section

T
= temperature

Tf
= bulk temperature in fire section

Vc
= critical velocity

cp
= constant pressure specific heat 

h
= enthalpy

g
= gravity

p
= pressure

q
= heat flux

t
= time

ui
= generic velocity component
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xi
= generic Cartesian direction

Greek letters


 tunnel slope 
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= eddy viscosity


 kinematic viscosity

 turbulent Prandtl number


 density

ij
= stress tensor component

Symbols
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= partial derivative

Superscripts 
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1 ( INTRODUCTION

The classical design procedures in tunnel longitudinal ventilation were focused on the requirements of a mass flow rate able to preserve an acceptable level of air pollutants and adequate visibility conditions. Congested traffic conditions were assumed as working hypothesis. Hence the ventilation system was usually oversized. Generally this circumstance was sufficient to guarantee the prescribed air velocity in presence of fire. In recent years such an approach has become obsolete due to multiple factors: the continue reduction of automotive emissions, the increasing importance of safety aspects and the requirement of an accurate design in order to optimize the energetic supplies. Particular emphasis must be devoted to the control of smoke diffusion in presence of fire in order to induce flow condition able to aid people escape from the tunnel. The control of back-layering phenomena represents a crucial factor in efficient design methodologies due its strategic importance in determining the success of smoke and temperature control procedures. In this ambit, it becomes necessary to develop appropriate prediction tools in order to reduce the uncertainties in design methodologies. A certain number of experimental studies have been recently carried out (Memorial Tunnel, 1995): a large database to refer to is currently available for designer. Notwithstanding it seems mandatory to develop adequate simulation procedures able to give an accurate prediction of tunnel flows in terms of air velocity, temperature field and smoke diffusion. The main goal of this approach is to obtain a non-invasive complete description of the flow field inside the tunnel as function of the main fire characteristic (Bradbury, 2001). 

Once the simulation methodology has been fully validated, it is possible to use the computational tool to specify the most appropriate ventilation configuration for facing the arising of tunnel emergency conditions.

An appropriate simulation tool should be able to solve the governing equations for the tunnels flow: the Navier-Stokes system, the energy equation and an accurate combustion model able to take in account the heat release and the combustion products via the prediction of the combustion efficiency (Rhodes, 1999).

The flow phenomenology arising in tunnel ventilation in presence of fire doesn’t allow a direct discretisation of the governing equations due the large amount of computational load associated to the solution of the small scales phenomena. A large amount of work have to be carried out in developing appropriate models able to simulate the main flow characteristics with a moderate computational load. Hence a Reynolds Averaged Navier-Stokes (RANS) approach (Pope, 2000) is usually adopted to model the effect of the small scales of turbulence on the main flow. For the same reasons the combustion reaction is not directly simulated but an heat source has been placed into the fire place. The radiation effects on the flow have to be taken in account via appropriate modelisation. Notwithstanding it is common practice to neglect the presence of radiation by reducing the total heat rate of about 30%. Many authors (Pucher et al, 2001), (Memorial Tunnel, 1999) adopting this approach claim its capability to reproduce the flow field with good accordance to the experiments.  (Pucher et al., 2001). 

Hence, it has been made the assumption that the combustion products have the same characteristics of  the air in the tunnel and it acts as passive scalar (Shabacker, 2001), (Memorial Tunnel, 1999). It is worth to note that the models accuracy should be heavily affected by the numerical scheme. Accurate discretisation scheme are usually adopted for the numerical solution (Spalding, 1991). 

In the next paragraph a brief description of the test-case analyzed is reported. It follows the description of the physical model. Paragraph 4 and 5 deal with both cold flow and fire simulations. Conclusions will close this work.

2 ( THE MEMORIAL TUNNEL
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The present paper is focused on the full-scale fire test case from Memorial Tunnel Fire Ventilation Test Program. A complete description of flow field in terms of velocity, temperature and flow composition is available (Memorial Tunnel, 1995). The experiments deal with pure longitudinal and transversal ventilation system and with mixed configurations. The presented paper is focused on the simulation of the flow field developing in the tunnel in presence of the longitudinal ventilation schemes. 

The Memorial Tunnel is a two-lanes 853 m long straight motorway gallery with a medium slope of 3.2 % from north to south portal. The passage section has a section of 60.4 square meters (Fig.2.1). A transversal ventilation system were present during the operating period. The ventilation devices were placed in the upper part of the section and a ceiling separated them from the lower part. The passage section was reduced to only 36.2 square meters. During the longitudinal ventilation test-cases the ceiling has been removed in all the tunnel except in two small zones, called ventilation rooms, placed near the portals. For the longitudinal ventilation experimental phase 15 jet-fans have been placed inside the tunnel in group of three as in Fig.2.2 – 2.3. The jet fans act in the tunnel inducing an air velocity of 34.2 m/s and a mass flow rate of 43 m3/s. The fuel pans were placed about 240 m far from the south portal.  The total heat release associated to the fire is of about 10 MW. A complete scheme representing the displacement of the cited objects in the tunnel is presented in Fig.2.3. 
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3 ( PHYSICAL MODEL

The flow arising in a tunnel in presence of a fire is unsteady, three-dimensional turbulent and heavily influenced by buoyancy effects. Combustion processes take place providing large production of heat, soot particles and combustion products at high temperature. 

To account in a synthetic way the turbulence influence on the mean flow RANS schemes are usually adopted in CFD codes of industrial concern. The media procedure associated to such an approach introduces further unknowns into the momentum equations (Reynolds stresses 
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) and into the energy equation (Reynolds fluxes 
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). The governing equations are synthesized  as (eq.(1)):
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(1)

In order to evaluate the Reynolds stresses and fluxes the so-called closure problem have to be solved. The most accurate closure of RANS equation is based on the solution of transport equations for each component of Reynolds variables. The high computational load associated to this approach (6 transport equation for the stresses, 3 transport equations for the fluxes) discourages its use with the actually available sequential computational resources. 

The interest in defining a matrix specifying the jet-fans operating conditions in tunnel fire accidents requires the definition of an efficient and not extremely expensive computational tool. Hence the closure problem is faced by using a first order closure based on an eddy-viscosity concept. Under this hypothesis the turbulent phenomena are taken in account as a diffusive-like terms depending from the variables gradients via the introduction of a eddy (or turbulent) viscosity 
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. This approach allows to solve the closure problem once one has provided an appropriate equation to determine 
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. Usually in tunnel simulations the mixing-length approach has been chosen for this scope. The eddy viscosity value is associated to the velocity gradients and a mixing-length representative of the turbulent scale uniquely defined by an a-priori analysis of the flow geometry. For complex flows, as in tunnel simulations, one should have little confidence in the accuracy of the resulting calculated mean variables field.

Two-equations k- turbulence models in both standard and non linear formulation represent the best trade-off in terms of accuracy and computational load. Standard approaches misrepresent important phenomena like anisotropy of near-wall turbulence and streamlines curvature. Non linear models have been introduced to overcome these drawbacks (Borello et al., 1998). Unfortunately these models often requires calibration actions. In order to overcome this potential limitation in this paper a standard two-equations k- turbulence model (Jones and Launder, 1982) has been adopted for equations closure. The eddy viscosity is obtained as function of the turbulent  length scale (L=k3/2/) and time scale (= k/) associated to the flow. Consequently, the adopted model is complete and no other specification has to be assumed. The near wall region influence on the mean flow is simulated in a synthetic way by using a wall function modeling.

The simulation of combustion processes is here carried out by means the imposition of a heat source placed in the fire location. This assumption is justified by the uncertainties in simulating the finite velocity chemistry reaction rate and hence its efficiency and the composition of the combustion products. These circumstances could deteriorate the code predicting capabilities. Radiation and convection phenomena transfer the total heat rate from the fire to the flow  and the walls. To simulate the radiation effects an appropriate model has to be defined. In this paper a radiative model called IMMERSOL (Spalding, 1991) has been adopted. Notwithstanding it is common practice to neglect the presence of radiation by reducing the total heat rate of about 30%. Many authors (Pucher et al, 2001), (Memorial Tunnel, 1999) adopting this approach claim its capability to reproduce the flow field with good accordance to the experiments. In this paper a performance comparison of the two presented approaches has been investigated. 

4 ( Q1 file
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The simulation campaign has been carried out by using the Phoenics Finite Volume code. A dense co-located BFC grid has been developed in order to correctly represent all the object displaced into the tunnel (jet-fans, measurement instruments, fuel pans). It has 326 cells in axial direction. The transversal section has been discretised with a 31x30 cells mesh.  Hence, the total cells number is of about 324,000 (Fig.4.1). The Navier-Stokes equations system has been solved by using a SIMPLE solution scheme (Spalding, 1991).

Generalised Co-located Variables approach has been adopted. Ideal gas law has been assumed for air inside the tunnel, while the turbulence effects are taken in account by adopting  the  k-( model. 

The used objects are described below.

Inlet

The inlet is a free open with a null external pressure. Here, there is a depression due the jet-fan, and the air flow enter in the tunnel, the Tinlet is fixed to 2.8 °C  like the  Texternal.

Outlet

The outlet is like the inlet except for Toutlet that is set to the same temperature as prevails at the last output cells.
External Wall

The wall function is used for the external walls where the Twall is set to 12.8 °C except for the ceiling. Here the temperature changes from the fire location to the exit passing through 85°C (near the fire) to 30 °C near the exit on the South portal 
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Fan

The jet fans grid section is shown in fig. 4.2, with 4 equal cells displaced in the longitudinal direction (6.6 m).  The  position  and  dimension are reported  in  fig. 2.3.

The working fans have a thrust of 1748 N and are simulated with a solid shield with an imposed velocity of  36.5 m/s sufficient to guarantee a mass flow rate of 43 m3/s. Moreover a swirl velocity of half the axial velocity has been imposed (see fig. 4.2).

The resting fans are simulated as an adiabatic solid blockage.

Fire and Pan

In the fire zone there are four permanent pans of different size (for different heat power) where the fuel burns (fig.4.3).

The actual 10 Mw pan is filled with a water layer 150 mm wide on which the burned fuel oil float. The 4 pans are simulated as only one adiabatic blockage. 

The combustion process is not considered and the heat fire is simulated as a fixed volumetric heat source.
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For simulation with radiation model the used heat source is 9.61 Mw while, without radiation, the source is only 6.36 Mw. 

Position and dimension (in m) for the pan and for the volumetric heat source are:
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Walkway

Walkway in fig. 2.1 is simulated as an adiabatic smooth-wall with friction.

Rooms

On both end-side of the tunnel, there are the north and south room. The Memorial Tunnel, in the origin, was transversal ventilated, and these rooms were part of the old tunnel structure not removable. In our simulation, in the longitudinal ventilation configuration, these rooms are considered as an adiabatic solid blockage. 

Loop trees 

Along the tunnel 12-loop trees, for the instrumentation, are considered.  The loops trees are simulated as an adiabatic blockage from the floor to the ceiling with a section of  30x30 cm.

Radiation

For simulation test TB, without radiation, the heat source considered is decreased of 30 % . While in test TC, with full source, the IMMERSOL model is used for the radiation simulation.

Gravity

For the gravitational forces the reduced-pressure method is used (GRND2) in all directions. In the tunnel there is a slope of 3.2 % percent. 

Relaxation

For the relaxation the default setting are used except for TEM1 where 0.34 False Time Step are used.

5 ( COLD FLOW SIMULATION

A preliminary cold flow simulation has been carried out to assess the code settings such as wall roughness and swirl effects released by the fans in the flow field. 

According to the Memorial Tunnel experimentalists (Memorial Tunnel, 1995) a 3 mm roughness has been adopted and a swirl number 0.5 has been placed to the fan exit. The gas properties have been assumed constant and all the jet-fans are working simultaneously. In inlet and outlet free conditions have been assumed for velocity and turbulent variables. The pressure is subjected to the hydrostatic load and the temperature is equal to 10°C. In Tab.5.1 the predicted mass flow has been compared with experiments (Test A:TA).

	TEST
	Ventilation
	Operating 

Jet-fans
	Mass flow (Kg/s)
	Errors

	Experiments
	Longitudinal
	15
	498.5
	-

	Test-A  (TA)
	Longitudinal
	15
	556.5
	10.4 %


Tab.5.1 Mass flow rate in cold simulation

It is clearly evident that the simulation has only a qualitatively accordance with the experiments. The discrepancies are not worrying due to the only qualitative character of the test.

6 ( FIRE SIMULATION

The fire simulation deals with the 10 MW T606A experimental test-case. In the operating conditions two lateral jet-fans are operating as in Fig.6.1. 

In the cold flow analysis it is of crucial importance to establish the number of jet-fans needed to obtain a mass flow rate greater than the critical one. In critical conditions the jet-fans thrust is just sufficient to contrast the buoyancy effect associated to the fire: the hot air and smoke management is not longer guaranteed. The critical velocity Vc can be determined by using the following expression: 
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Taking in account the actual variables values one obtains Vc =1.8 m/s and a mass flow rate (density x average velocity x passage section) equal to 
[image: image11.wmf]M

&

= 137 kg/s. 

It is worth to note that the Vc is the minimum steady-state velocity of the ventilating air approaching the fire required to prevent back-layering.

In the present experiment the measured mass flow rate is equal to 163 kg/s. With the chosen jet-fans configuration the flow conditions in the tunnel are near to the critical conditions. Consequently, if an accurate flow simulation is not guaranteed, the prediction of tunnel operating conditions should be completely misleading.

The fluid has been simulated as ideal gas. This correspond to the assumption that the combustion products have the same characteristic of inlet air and the smoke acts as a passive conserved scalar in the flow field.  The two jet-fans act in the tunnel as a momentum and swirl source as already specified in previous paragraph. At inlet and outlet section free conditions have been specified. The fire has been simulated as a heat source distributed in the pan area whose total rate is 9.61 MW as in T606A experiments. It is worth to note that for the no radiation simulation test-case (TB) the total heat rate has been placed equal to 6.36 MW. The inactive fans are modeled as adiabatic solid blocks such as the ventilation rooms placed near the inlet and outlet section. The conserved scalar source has been placed into the fire cells and set equal 1. In Tab.6.1 the mass flow rate obtained from experiments and both simulation is reported.

	TEST
	Total Heat

Rate (MW)
	Operating

Jet-fan
	Ventilation
	Radiation

Model
	Mass Flow Rate

(kg/s)
	Error

	TB
	6.36
	2
	Longitudinal
	No
	147
	-9.8 %

	 TC
	9.1
	2
	Longitudinal
	(
	137.2
	-15.8 %

	Experiments
	9.1
	2
	Longitudinal
	-
	163
	-


Tab.6.1 – Mass flow rate in T606A fire simulation

The radiative simulation (TC) has a fair agreement respect to the experiments. The worse prediction of the TB test-case is associated to the lower temperature values in the tunnel if the radiation effects are not modeled. Thrust due to the buoyancy effect decreases and consequently the total resistance to flow advance is reduced. 

The comparison of the variables profiles between numerical and experimental results have been carried out. As reference an appropriate selection of the measurement location has been carried out. Their names and distance from the north portal are reported in Tab.6.2.

	Loop name
	Distance from north portal

	L214
	18.0 m

	L209
	321 .0 m

	L305
	604.1 m

	L302
	681.5 m

	L202
	833.5 m


Tab.6.2 – Measurement loop locations

The inlet section results (Fig.6.2) put in evidence the good accuracy in the choice of temperature boundary conditions. The accordance of velocity profiles is only qualitative. 

[image: image21.png]H (m)

o Experiments
—-mmm TestCaseB
TestCase C

2 3
Vel (m/s)




[image: image22.png]SMOK: 000 0.05 010 0.15 020 025 030 035 0.40 0.45 0.40 0.95 050 055 070 075 060 0.5 0.0 0.95 100

a0

600

610

20

30

640

s




In Fig.6.3 the first measurement section downstream the active fans has been investigated.  
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The higher heat rate and the presence of the radiation models determine higher temperature in TC case respect to TB one. The experiments have temperature values bounded between those obtained in the two simulation.

The velocity profiles shows a good accuracy of both simulation in the lower part, while near the ceiling the results of TC case clearly outperform the TB simulation and it gives a good prediction of the real behavior. Fig.6.4 deals with a section placed immediately upstream of the fire. It is clearly evident the high temperature gradient near the ceiling. Only the TC simulation is able to predict reasonably well the temperature profile. From this results it seems evident that in this region the radiation effects cannot be neglected. This claim is confirmed by Fig.6.4.b. The presence of a back-layering region near the ceiling is predicted by both simulations but only in the TC case the values are in accordance with experiments. This aspect is of crucial relevance. In fact a misrepresentation of the back-layering phenomena in flows near the critical conditions could give a completely wrong prediction of the ventilation efficiency in controlling the smoke diffusion. Downstream the fire, the temperature profile tends to stratify and the flow velocity to homogenize with a faster core near the floor. This behavior is clearly evident in Fig.6.5. Again the TC temperature profile is quite better of TB one. Surprisingly, the velocity field is better represented by the test case B. Notwithstanding the qualitatively behavior is correctly reproduced and an acceptable accuracy is obtained in both cases. 

[image: image24.png]


In the outlet section (Fig.6.6) the simulations are not very accurate. The temperature stratification is well reproduced for almost half the height of the tunnel. In the upper part, until the reduced ceiling of the final section, the profile is mismatched due to a misrepresentation of the upper room, that has been modeled as adiabatic. The lower temperature field induce a not correct prediction of the flow density in this section, that is higher than experimental one. Hence, the calculated mean velocity is sensibly lower respect to the corresponding measured field. The qualitative behavior, however seems correctly predicted.

In Fig.6.7 the conserved scalar distribution in a mid-plane longitudinal section for the radiative simulation is shown. The detail puts in evidence the near-fire zone. Note that length scales are not the same in the two directions. The figure shows the conserved scalar dilution as fraction of the source. It is evident the variable stratification downstream of the fire. Upstream the fire, diffusion of conserved scalar due to back-layering effects near the tunnel ceiling is evident.

The time needed to achieve the convergence, for a simulation, is about 3 days on a Dec Alpha 8200 – UNIX.  The total number of F-array used locations is  60,499,411 as typed on the result file. 

7 ( CONCLUSIONS

1) In the present paper an accurate methodology for fire simulation in tunnels has been described .

2) The prediction capabilities of the proposed methodology have been demonstrated in critical flow conditions. 

3) Both direct and synthetic radiation treatments have shown discrete attitude in predicting the flow velocity with particular reference to the near fire zone where back-layering phenomena become essential for determining the ventilation efficiency. However only a direct modeling of radiation allows to obtain acceptable values of temperature and velocity near the fire.

4) Further improvements could be obtained by adopting more accurate models for the simulation of the object placed inside the tunnel.
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APPENDIX – Q1 File
TALK=T;RUN( 1, 1)

 ************************************************************

   Q1 created by GENERAL menu, Version 3.1, Date 05/02/98

 CPVNAM=GENERAL

 ************************************************************

 IRUNN   =       1 ;LIBREF =       0

 ************************************************************

  Group 1. Run Title

 TEXT(606A- F3 F6-FIRE- GCV+soffi_T gz=.2 SMOK)

 ************************************************************

  Group 2. Transience

 STEADY  =    T

 ************************************************************

  Groups 3, 4, 5  Grid Information

    * Overall number of cells, RSET(M,NX,NY,NZ,tolerance)

 RSET(M,31,30,326)

    * Set overall domain extent:

    *        xulast  yvlast  zwlast

            name

 XSI= 8.760000E+00; YSI= 7.860000E+00; ZSI= 8.537000E+02

 RSET(D,CHAM    )

 ************************************************************

  Group 6. Body-Fitted coordinates

 BFC=T

 READCO(xyz)

    **********

 NONORT  =    T

 ************************************************************

  Group 7. Variables: STOREd,SOLVEd,NAMEd

 ONEPHS  =    T

    * Non-default variable names

 NAME( 39) =NPOR ; NAME( 40) =EPOR

 NAME( 41) =BLOK ; NAME( 42) =EPKE

 NAME( 43) =TEM1 ; NAME( 44) =EL1

 NAME( 45) =ENUT ; NAME( 46) =WCRT

 NAME( 47) =VCRT ; NAME( 48) =UCRT

 NAME( 49) =DEN1 ; NAME( 50) =PRPS

 NAME(150) =SMOK

    * Solved variables list

 SOLVE(P1  ,U1  ,V1  ,W1  ,TEM1,SMOK)

    * Stored variables list

 STORE(PRPS,DEN1,UCRT,VCRT,WCRT,ENUT,EL1 ,EPKE)

 STORE(BLOK,EPOR,NPOR)

    * Additional solver options

 SOLUTN(P1  ,Y,Y,Y,N,N,Y)

 SOLUTN(TEM1,Y,Y,Y,N,N,Y)

 IVARBK  =      -1 ;ISOLBK =       1

 TURMOD(KEMODL)

 GCV     =    T

 ************************************************************

  Group 8. Terms & Devices

 TERMS (SMOK,N,Y,Y,N,Y,Y)

 NEWRH1  =    T

 NEWENL  =    T

 ISOLX   =       0 ;ISOLY  =       0 ;ISOLZ  =       0

 ************************************************************

  Group 9. Properties

 RHO1    = GRND10

 PRESS0  = 1.000000E+05

 TEMP0   = 2.731600E+02

 CP1     = GRND10

 ENUL    = GRND10

 DRH1DP  = GRND10

 PRNDTL(TEM1) = -GRND10

 PRLH1A  = 0.000000E+00 ;PRLH1B = 0.000000E+00

 PRLH1C  = 0.000000E+00

 ************************************************************

  Group 10.Inter-Phase Transfer Processes

 ************************************************************

  Group 11.Initialise Var/Porosity Fields

 FIINIT(P1  ) =  READFI

 FIINIT(KE  ) =  READFI       ;FIINIT(EP  ) =  READFI

 FIINIT(TEM1) =  READFI       ;FIINIT(SMOK) =  0.0

 FIINIT(U1  ) =  READFI

 FIINIT(V1  ) =  READFI       ;FIINIT(W1  ) =  READFI

 FIINIT(KE  ) =  READFI       ;FIINIT(EP  ) =  READFI

 FIINIT(NPOR) =  1.000000E+00

 FIINIT(EPOR)= 1.000000E+00;FIINIT(BLOK)= 1.000000E+00

 FIINIT(PRPS) =  2.000000E+00

 CONPOR(ROOMN   , -1.00,CELL  ,-1,-31,-19,-30,-1,-12)

 INIT(ROOMN   ,BLOK, 0.000000E+00, 2.000000E+00)

 INIT(ROOMN   ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(ROOMS   , -1.00,CELL  ,-1,-31,-19,-30,-315,-326)

 INIT(ROOMS   ,BLOK, 0.000000E+00, 3.000000E+00)

 INIT(ROOMS   ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(SCAL    , -1.00,CELL  ,-28,-31,-1,-4,-1,-326)

 INIT(SCAL    ,BLOK, 0.000000E+00, 4.000000E+00)

 INIT(SCAL    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(PANT    , -1.00,CELL  ,-11,-21,-1,-5,-221,-240)

 INIT(PANT    ,BLOK, 0.000000E+00, 5.000000E+00)

 INIT(PANT    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F1S     , -1.00,CELL  ,-6,-10,-16,-20,-34,-37)

 INIT(F1S     ,BLOK, 0.000000E+00, 6.000000E+00)

 INIT(F1S     ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F2S     , -1.00,CELL  ,-14,-18,-21,-25,-34,-37)

 INIT(F2S     ,BLOK, 0.000000E+00, 7.000000E+00)

 INIT(F2S     ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F3SX    , -1.00,CELL  ,-22,-22,-16,-20,-34,-37)

 INIT(F3SX    ,BLOK, 0.000000E+00, 8.000000E+00)

 INIT(F3SX    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F3DX    , -1.00,CELL  ,-26,-26,-16,-20,-34,-37)

 INIT(F3DX    ,BLOK, 0.000000E+00, 9.000000E+00)

 INIT(F3DX    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F3AL    , -1.00,CELL  ,-23,-25,-20,-20,-34,-37)

 INIT(F3AL    ,BLOK, 0.000000E+00, 1.000000E+01)

 INIT(F3AL    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F3BA    , -1.00,CELL  ,-23,-25,-16,-16,-34,-37)

 INIT(F3BA    ,BLOK, 0.000000E+00, 1.100000E+01)

 INIT(F3BA    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F4S     , -1.00,CELL  ,-6,-10,-16,-20,-64,-67)

 INIT(F4S     ,BLOK, 0.000000E+00, 1.200000E+01)

 INIT(F4S     ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F5S     , -1.00,CELL  ,-14,-18,-21,-25,-64,-67)

 INIT(F5S     ,BLOK, 0.000000E+00, 1.300000E+01)

 INIT(F5S     ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F6SX    , -1.00,CELL  ,-22,-22,-16,-20,-64,-67)

 INIT(F6SX    ,BLOK, 0.000000E+00, 1.400000E+01)

 INIT(F6SX    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F6DX    , -1.00,CELL  ,-26,-26,-16,-20,-64,-67)

 INIT(F6DX    ,BLOK, 0.000000E+00, 1.500000E+01)

 INIT(F6DX    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F6AL    , -1.00,CELL  ,-23,-25,-20,-20,-64,-67)

 INIT(F6AL    ,BLOK, 0.000000E+00, 1.600000E+01)

 INIT(F6AL    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F6BA    , -1.00,CELL  ,-23,-25,-16,-16,-64,-67)

 INIT(F6BA    ,BLOK, 0.000000E+00, 1.700000E+01)

 INIT(F6BA    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F7S     , -1.00,CELL  ,-6,-10,-16,-20,-93,-96)

 INIT(F7S     ,BLOK, 0.000000E+00, 1.800000E+01)

 INIT(F7S     ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F8S     , -1.00,CELL  ,-14,-18,-21,-25,-93,-96)

 INIT(F8S     ,BLOK, 0.000000E+00, 1.900000E+01)

 INIT(F8S     ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F9S     , -1.00,CELL  ,-22,-26,-16,-20,-93,-96)

 INIT(F9S     ,BLOK, 0.000000E+00, 2.000000E+01)

 INIT(F9S     ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F10S    , -1.00,CELL  ,-6,-10,-16,-20,-127,-130)

 INIT(F10S    ,BLOK, 0.000000E+00, 2.100000E+01)

 INIT(F10S    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F11S    , -1.00,CELL  ,-14,-18,-21,-25,-127,-130)

 INIT(F11S    ,BLOK, 0.000000E+00, 2.200000E+01)

 INIT(F11S    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F12S    , -1.00,CELL  ,-22,-26,-16,-20,-127,-130)

 INIT(F12S    ,BLOK, 0.000000E+00, 2.300000E+01)

 INIT(F12S    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F13S    , -1.00,CELL  ,-6,-10,-16,-20,-161,-164)

 INIT(F13S    ,BLOK, 0.000000E+00, 2.400000E+01)

 INIT(F13S    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F14S    , -1.00,CELL  ,-14,-18,-21,-25,-161,-164)

 INIT(F14S    ,BLOK, 0.000000E+00, 2.500000E+01)

 INIT(F14S    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(F15S    , -1.00,CELL  ,-22,-26,-16,-20,-161,-164)

 INIT(F15S    ,BLOK, 0.000000E+00, 2.600000E+01)

 INIT(F15S    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L214    , -1.00,CELL  ,-16,-16,-1,-18,-8,-9)

 INIT(L214    ,BLOK, 0.000000E+00, 2.700000E+01)

 INIT(L214    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L202    , -1.00,CELL  ,-16,-16,-1,-18,-318,-319)

 INIT(L202    ,BLOK, 0.000000E+00, 2.800000E+01)

 INIT(L202    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L209    , -1.00,CELL  ,-16,-16,-1,-30,-109,-109)

 INIT(L209    ,BLOK, 0.000000E+00, 2.900000E+01)

 INIT(L209    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L208    , -1.00,CELL  ,-16,-16,-1,-30,-145,-145)

 INIT(L208    ,BLOK, 0.000000E+00, 3.000000E+01)

 INIT(L208    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L207    , -1.00,CELL  ,-16,-16,-1,-30,-177,-177)

 INIT(L207    ,BLOK, 0.000000E+00, 3.100000E+01)

 INIT(L207    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L307    , -1.00,CELL  ,-16,-16,-1,-30,-193,-193)

 INIT(L307    ,BLOK, 0.000000E+00, 3.200000E+01)

 INIT(L307    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L306    , -1.00,CELL  ,-16,-16,-1,-30,-206,-206)

 INIT(L306    ,BLOK, 0.000000E+00, 3.300000E+01)

 INIT(L306    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L305    , -1.00,CELL  ,-16,-16,-1,-30,-216,-216)

 INIT(L305    ,BLOK, 0.000000E+00, 3.400000E+01)

 INIT(L305    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L304    , -1.00,CELL  ,-16,-16,-1,-30,-246,-246)

 INIT(L304    ,BLOK, 0.000000E+00, 3.500000E+01)

 INIT(L304    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L303    , -1.00,CELL  ,-16,-16,-1,-30,-256,-256)

 INIT(L303    ,BLOK, 0.000000E+00, 3.600000E+01)

 INIT(L303    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L302    , -1.00,CELL  ,-16,-16,-1,-30,-270,-270)

 INIT(L302    ,BLOK, 0.000000E+00, 3.700000E+01)

 INIT(L302    ,PRPS, 0.000000E+00, 1.980000E+02)

 CONPOR(L301    , -1.00,CELL  ,-16,-16,-1,-30,-285,-285)

 INIT(L301    ,BLOK, 0.000000E+00, 3.800000E+01)

 INIT(L301    ,PRPS, 0.000000E+00, 1.980000E+02)

 INIADD  =    F

 ************************************************************

  Group 12. Convection and diffusion adjustments

   No PATCHes used for this Group

 ************************************************************

  Group 13. Boundary & Special Sources

 PATCH (WDX     ,EWALL ,31,31,5,30,13,314,#1,#1)

 COVAL (WDX     ,V1  , GRND2       , 0.000000E+00)

 COVAL (WDX     ,W1  , GRND2       , 0.000000E+00)

 COVAL (WDX     ,KE  , GRND2       , GRND2       )

 COVAL (WDX     ,EP  , GRND2       , GRND2       )

 COVAL (WDX     ,TEM1, GRND2       , 1.280000E+01)

 PATCH (WDXS    ,EWALL ,31,31,5,18,1,12,#1,#1)

 COVAL (WDXS    ,V1  , GRND2       , 0.000000E+00)

 COVAL (WDXS    ,W1  , GRND2       , 0.000000E+00)

 COVAL (WDXS    ,KE  , GRND2       , GRND2       )

 COVAL (WDXS    ,EP  , GRND2       , GRND2       )

 COVAL (WDXS    ,TEM1, GRND2       , 1.280000E+01)

 PATCH (WDXN    ,EWALL ,31,31,5,18,315,326,#1,#1)

 COVAL (WDXN    ,V1  , GRND2       , 0.000000E+00)

 COVAL (WDXN    ,W1  , GRND2       , 0.000000E+00)

 COVAL (WDXN    ,KE  , GRND2       , GRND2       )

 COVAL (WDXN    ,EP  , GRND2       , GRND2       )

 COVAL (WDXN    ,TEM1, GRND2       , 1.280000E+01)

 PATCH (WSX     ,WWALL ,1,1,1,30,13,314,#1,#1)

 COVAL (WSX     ,V1  , GRND2       , 0.000000E+00)

 COVAL (WSX     ,W1  , GRND2       , 0.000000E+00)

 COVAL (WSX     ,KE  , GRND2       , GRND2       )

 COVAL (WSX     ,EP  , GRND2       , GRND2       )

 COVAL (WSX     ,TEM1, GRND2       , 1.280000E+01)

 PATCH (WSXS    ,WWALL ,1,1,1,18,1,12,#1,#1)

 COVAL (WSXS    ,V1  , GRND2       , 0.000000E+00)

 COVAL (WSXS    ,W1  , GRND2       , 0.000000E+00)

 COVAL (WSXS    ,KE  , GRND2       , GRND2       )

 COVAL (WSXS    ,EP  , GRND2       , GRND2       )

 COVAL (WSXS    ,TEM1, GRND2       , 1.280000E+01)

 PATCH (WSXN    ,WWALL ,1,1,1,18,315,326,#1,#1)

 COVAL (WSXN    ,V1  , GRND2       , 0.000000E+00)

 COVAL (WSXN    ,W1  , GRND2       , 0.000000E+00)

 COVAL (WSXN    ,KE  , GRND2       , GRND2       )

 COVAL (WSXN    ,EP  , GRND2       , GRND2       )

 COVAL (WSXN    ,TEM1, GRND2       , 1.280000E+01)

 PATCH (SOFF1   ,NWALL ,1,31,30,30,13,231,#1,#1)

 COVAL (SOFF1   ,U1  , GRND2       , 0.000000E+00)

 COVAL (SOFF1   ,W1  , GRND2       , 0.000000E+00)

 COVAL (SOFF1   ,KE  , GRND2       , GRND2       )

 COVAL (SOFF1   ,EP  , GRND2       , GRND2       )

 COVAL (SOFF1   ,TEM1, GRND2       , 1.280000E+01)

 PATCH (SOFF2   ,NWALL ,1,31,30,30,232,235,#1,#1)

 COVAL (SOFF2   ,U1  , GRND2       , 0.000000E+00)

 COVAL (SOFF2   ,W1  , GRND2       , 0.000000E+00)

 COVAL (SOFF2   ,KE  , GRND2       , GRND2       )

 COVAL (SOFF2   ,EP  , GRND2       , GRND2       )

 COVAL (SOFF2   ,TEM1, GRND2       , 1.280000E+01)

 PATCH (SOFF3   ,NWALL ,1,31,30,30,236,245,#1,#1)

 COVAL (SOFF3   ,U1  , GRND2       , 0.000000E+00)

 COVAL (SOFF3   ,W1  , GRND2       , 0.000000E+00)

 COVAL (SOFF3   ,KE  , GRND2       , GRND2       )

 COVAL (SOFF3   ,EP  , GRND2       , GRND2       )

 COVAL (SOFF3   ,TEM1, GRND2       , 8.500000E+01)

 PATCH (SOFF4   ,NWALL ,1,31,30,30,246,260,#1,#1)

 COVAL (SOFF4   ,U1  , GRND2       , 0.000000E+00)

 COVAL (SOFF4   ,W1  , GRND2       , 0.000000E+00)

 COVAL (SOFF4   ,KE  , GRND2       , GRND2       )

 COVAL (SOFF4   ,EP  , GRND2       , GRND2       )

 COVAL (SOFF4   ,TEM1, GRND2       , 6.000000E+01)

  PATCH (SOFF5   ,NWALL ,1,31,30,30,261,280,#1,#1)

 COVAL (SOFF5   ,U1  , GRND2       , 0.000000E+00)

 COVAL (SOFF5   ,W1  , GRND2       , 0.000000E+00)

 COVAL (SOFF5   ,KE  , GRND2       , GRND2       )

 COVAL (SOFF5   ,EP  , GRND2       , GRND2       )

 COVAL (SOFF5   ,TEM1, GRND2       , 4.000000E+01)

 PATCH (SOFF6   ,NWALL ,1,31,30,30,281,314,#1,#1)

 COVAL (SOFF6   ,U1  , GRND2       , 0.000000E+00)

 COVAL (SOFF6   ,W1  , GRND2       , 0.000000E+00)

 COVAL (SOFF6   ,KE  , GRND2       , GRND2       )

 COVAL (SOFF6   ,EP  , GRND2       , GRND2       )

 COVAL (SOFF6   ,TEM1, GRND2       , 3.000000E+01)

 PATCH (PAV     ,SWALL ,1,27,1,1,1,326,#1,#1)

 COVAL (PAV     ,U1  , GRND2       , 0.000000E+00)

 COVAL (PAV     ,W1  , GRND2       , 0.000000E+00)

 COVAL (PAV     ,KE  , GRND2       , GRND2       )

 COVAL (PAV     ,EP  , GRND2       , GRND2       )

 COVAL (PAV     ,TEM1, GRND2       , 1.280000E+01)

 PATCH(BUOYANCY,PHASEM,#1,#NREGX,#1,#NREGY,       #1,#NREGZ,#1,#NREGT)

 COVAL (BUOYANCY,U1  , FIXFLU      , GRND2       )

 COVAL (BUOYANCY,V1  , FIXFLU      , GRND2       )

 COVAL (BUOYANCY,W1  , FIXFLU      , GRND2       )

 PATCH (BFCIN   ,LOW   ,1,31,1,18,1,1,#1,#1)

 COVAL (BFCIN   ,P1  , 1.000000E+00, 0.000000E+00)

 COVAL (BFCIN   ,KE  , 0.000000E+00, SAME        )

 COVAL (BFCIN   ,EP  , 0.000000E+00, SAME        )

 COVAL (BFCIN   ,TEM1, FIXVAL      , 2.800000E+00)

 COVAL (BFCIN   ,SMOK, 0.000000E+00, SAME        )

 PATCH (OUT     ,HIGH  ,1,31,1,18,326,326,#1,#1)

 COVAL (OUT     ,P1  , 1.000000E+00, 0.000000E+00)

 COVAL (OUT     ,KE  , 0.000000E+00, SAME        )

 COVAL (OUT     ,EP  , 0.000000E+00, SAME        )

 COVAL (OUT     ,TEM1, 0.000000E+00, SAME        )

 COVAL (OUT     ,SMOK, 0.000000E+00, SAME        )

 PATCH (F3N     ,EAST  ,24,24,19,19,34,37,#1,#1)

 COVAL (F3N     ,U1  , FIXVAL      ,-1.700000E+01)

 COVAL (F3N     ,V1  , FIXVAL      , 0.000000E+00)

 PATCH (F3S     ,WEST  ,24,24,17,17,34,37,#1,#1)

 COVAL (F3S     ,U1  , FIXVAL      , 1.700000E+01)

 COVAL (F3S     ,V1  , FIXVAL      , 0.000000E+00)

 PATCH (F3E     ,SOUTH ,25,25,18,18,34,37,#1,#1)

 COVAL (F3E     ,U1  , FIXVAL      , 0.000000E+00)

 COVAL (F3E     ,V1  , FIXVAL      , 1.700000E+01)

 PATCH (F3W     ,NORTH ,23,23,18,18,34,37,#1,#1)

 COVAL (F3W     ,U1  , FIXVAL      , 0.000000E+00)

 COVAL (F3W     ,V1  , FIXVAL      ,-1.700000E+01)

 PATCH (F6N     ,EAST  ,24,24,19,19,64,67,#1,#1)

 COVAL (F6N     ,U1  , FIXVAL      ,-1.700000E+01)

 COVAL (F6N     ,V1  , FIXVAL      , 0.000000E+00)

 PATCH (F6S     ,WEST  ,24,24,17,17,64,67,#1,#1)

 COVAL (F6S     ,U1  , FIXVAL      , 1.700000E+01)

 COVAL (F6S     ,V1  , FIXVAL      , 0.000000E+00)

 PATCH (F6E     ,SOUTH ,25,25,18,18,64,67,#1,#1)

 COVAL (F6E     ,U1  , FIXVAL      , 0.000000E+00)

 COVAL (F6E     ,V1  , FIXVAL      , 1.700000E+01)

 PATCH (F6W     ,NORTH ,23,23,18,18,64,67,#1,#1)

 COVAL (F6W     ,U1  , FIXVAL      , 0.000000E+00)

 COVAL (F6W     ,V1  , FIXVAL      ,-1.700000E+01)

 PATCH (F3      ,LOW   ,23,25,17,19,36,36,#1,#1)

 COVAL (F3      ,W1  , FIXVAL      , 3.655000E+01)

 PATCH (F6      ,LOW   ,23,25,17,19,66,66,#1,#1)

 COVAL (F6      ,W1  , FIXVAL      , 3.655000E+01)

 PATCH (FIRE    ,VOLUME,11,21,6,19,232,233,#1,#1)

 COVAL (FIRE    ,TEM1, FIXFLU      , 3.803000E+05)

 COVAL (FIRE    ,SMOK, FIXVAL      , 1.000000E+00)

 BUOYA   = 0.000000E+00 ; BUOYB =-9.808000E+00

 BUOYC   = 0.294300E+00

 BUOYD   = 1.263000E+00

 BFCA    = 1.263000E+00

 ************************************************************

  Group 14. Downstream Pressure For PARAB

 ************************************************************

  Group 15. Terminate Sweeps

 LSWEEP  =    1000

 RESFAC  = 1.000000E-03

 ************************************************************

  Group 16. Terminate Iterations

 ************************************************************

  Group 17. Relaxation

 RELAX(P1  ,LINRLX, 1.000000E+00)

 RELAX(KE  ,LINRLX, 5.000000E-01)

 RELAX(EP  ,LINRLX, 5.000000E-01)

 RELAX(TEM1,FALSDT, 3.400000E-01)

 RELAX(SMOK,FALSDT, 3.400000E+06)

 KELIN   =       3

 OVRRLX  = 1.000000E+00

 ************************************************************

  Group 18. Limits

 VARMAX(U1  ) = 1.00000E+06 ;VARMIN(U1  ) =-1.00000E+06

 VARMAX(V1  ) = 1.00000E+06 ;VARMIN(V1  ) =-1.00000E+06

 VARMAX(W1  ) = 1.00000E+06 ;VARMIN(W1  ) =-1.00000E+06

 ************************************************************

  Group 19. EARTH Calls To GROUND Station

 USEGRD  =    T  ;USEGRX =    T

 GENK    =    T

 RSG1    = 7.500000E-01

 SPEDAT(SET,ROUGHNESS,WDX,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,WDXS,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,WDXN,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,WSX,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,WSXS,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,WSXN,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,SOFF1,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,SOFF2,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,SOFF3,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,SOFF4,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,SOFF5,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,SOFF6,R,3.00000E-03)

 SPEDAT(SET,ROUGHNESS,PAV,R,3.00000E-03)

 ************************************************************

  Group 20. Preliminary Printout

 ECHO    =    T

 ************************************************************

  Group 21. Print-out of Variables

 ************************************************************

  Group 22. Monitor Print-Out

 IXMON   =      16 ;IYMON  =      19 ;IZMON  =     233

 NPRMON  =  100000

 NPRMNT  =       1

 TSTSWP  =      -1

 ************************************************************

  Group 23.Field Print-Out & Plot Control

 NPRINT  =  100000

 ISWPRF  =       1 ;ISWPRL =  100000

   No PATCHes used for this Group

 ************************************************************

  Group 24. Dumps For Restarts

 ************************************************************

 MENSAV(S,RELX,DEF,2.6200E-01,1,100)

 MENSAV(S,PHSPROP,DEF,200,2.7316E+02,1.189E+00,1.544E-05)

 MENSAV(S,FLPRP,DEF,K-E,NOTSET,AIR-IDEAL_GAS)
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Fig. 4.3 – The Fire area with 50 MW Pan in foreground
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Fig. 4.2 – Jet fan grid and swirl








Fig.6.1 – T606A case - operating conditions
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Fig.6.7 – Near-fire conserved scalar distribution 
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Fig.6.6 – Loop 202 –Temperature (a)) and velocity (b)) profiles
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Fig.6.5 – Loop 302 –Temperature (a)) and velocity (b)) profiles
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Fig.6.4 – Loop 305 –Temperature (a)) and velocity (b)) profiles
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Fig.6.3 – Loop 209 –Temperature (a)) and velocity (b)) profiles
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Fig.6.2 – Loop 214 –Temperature (a)) and velocity (b)) profiles
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Fig. 2.1 Tunnel dimensions
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Fig.2.2 – Jet fan group





Fig.2.3 – Objects displacement


                in the tunnel
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Fig. 4.1 – Computational grid – trasversal section
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