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Abstract. Computational Fluid Dynamics (CFD) is widely used to simulate tunnels
and partially substitute on-site tests. As technology advances, new application oppor-
tunities appear; some examples are the optimal operation of ventilation and emer-

gency systems, risk assessment of tunnels and training of the operators. Even when
the computational capacity of computers has grown, CFD is still constrained by the
large amount of computational resources needed in long tunnels. This introduces a
need for methods able to reduce the amount of time required for simulations. To face

this need, a novel 1D–3D multiscale model is presented in this paper. The model
incorporates the code Whitesmoke into FDS (Fire Dynamics Simulator) through a
direct coupling. Whitesmoke manages the fluid dynamics, temperature and concentra-

tion of species in the 1D portion, while FDS calculates these fields in the portion
where fire occurs. Using this multiscale model, the computation time for long tunnels
is reduced, proportionally to the 1D length in the domain. Also, additional simula-

tion capabilities particularly useful for tunnel analysis are obtained. Some new char-
acteristics are pressure boundary conditions can be easily imposed at the tunnel
portals or at the ventilation shafts; the characteristic curves of the fans/jet-fans can
be included, also considering the degradation effects due to smoke propagation; the

piston effect can be properly considered. Our research verifies most of its capabilities,
also clarifying its limitations and the criteria used to set the domain for the analysis.
As a final step, the model is tested in a tunnel with a cross section of 4.8 m and

600 m of length with a 2 MW fire, comparing its performance with a full 3D FDS
simulation. The difference in temperature and velocity is minimal for most of the
domain, making It a good way to optimize resource usage in large simulations. Fur-

thermore, the multiscale manages to reduce the computational time of more than a
50%.
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1. Introduction

Computational Fluid Dynamics (CFD) software packages have been constantly
used to simulate tunnels and substitute on-site tests. With the advancement of
technology also new applications are developed like ventilation and emergency
systems management in tunnels, risk assessment and VR training. Despite the con-
tinuously growing calculation speed of computers, CFD remains time costly, espe-
cially for long tunnels. Because of this, CFD calculations are still unable to give
fast-enough results for these applications and need some developments that help
shortening simulation times.

Simulation of fire scenarios of different characteristics has represented an inten-
sely researched topic in the last years. The attempts started with 1D models like
MFIRE [1], SPRINT [2], WHITESMOKE [3–5], which have been applied to
underground network structures, such as tunnels or mines. Then, zone models
have been developed, BRANZFIRE [6], FSSIM [7], CFAST [8, 9], focusing in
simulating fires in compartments that might be linked in a network, like rooms in
a building. Still, in several applications, the main approach to simulate fires in the
actuality is CFD, as it tends to be more precise and describe the physics in a more
accurate way.

CFD has been largely used to simulate fires from confined fires [10, 11], to
extinction modelling [12] and tunnel fires. Regarding tunnel fires, most applica-
tions aim at providing practical evaluations of phenomena such as smoke move-
ment in tilted tunnels, as in [13], and backlayering, as in [14, 15]. Another
application field is the reconstruction of real fires, as in [16], where the Hsuehshan
tunnel fire has been simulated using FDS. Still long tunnels represent an issue for
CFD simulations, because large domains require large computational resources,
while simulations might take days or weeks to complete. These issues can be less-
ened using multiscale modelling.

Multiscale modelling is understood as the group of strategies to model tunnels
by combining 3D simulations in a portion of the tunnel and 1D simulations in the
remaining part, to obtain a calculation time reduction. Although reduction in
computational resources is generally considered as the main goal, there are addi-
tional advantages in using multiscale modeling, as it enhances the simulation
capabilities with respect to full CFD models, as discussed later in this paper.
Some research on multiscale methods has been conducted in the last decades.
Some multiscale applications have aimed towards the calculation of pressure in
linked pressure vessels using 3D and 1D calculations, as TRAC (Transient Reac-
tor Analysis Code) [17], and GOTHIC [18]. This last one also used as a base to
the FDS-HVAC solver [19]. Other applications of Multiscale modelling are found
also in medical research as [20], where the circulatory system near the brain is
simulated by using a 1D for the circle of Willis and a 3D for the carotid artery.
The first applications, of multiscale models with fire and ventilation systems, were
conducted at Politecnico di Torino combining the CFD software Fluent with 1D
equations written as User Defined Functions. In [21] the multiscale method is pre-
sented, and the different coupling schemes are compared. The analysis is mainly
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focused on the thermal effects of the fire, which are further discussed also in [22].
In [3] and [23] the effects of ventilation are also discussed. Further developments
have then tried to use the code Fire Dynamic Simulator (FDS), instead of Fluent.
The main reasons are related with the fact that FDS is an open-source code and it
is widely used in the community of fire engineering. In [24], FDS is coupled with
the 1D code Vent Fire. Both direct and indirect coupling are tested, but an indi-
rect approach is selected. This option is faster than the direct coupling but has the
demerit of needing time to obtain the characteristics curves of the system, to
divide it in an appropriate way. In [25], FDS is coupled with its own 1D tool, the
HVAC, analyzing the time reduction in cold simulations. In [26], the HVAC tool
is adopted with the goal of analyzing the reductions in the computational time
that can be obtained through MPI parallel computation.

Still the results achieved using FDS in a multiscale framework are not at the
same level as those obtained with Fluent. The main reasons are related with the
limitations of the HVAC tool while performing direct coupling. The HVAC tool
does not allow one to consider the temperature evolution in the 1D portion, thus
impeding proper analysis of fans installed in the tunnel or ventilation channels
where smoke propagates. In addition, the tool makes it difficult to consider pres-
sure boundary conditions at the portals, which is the most appropriate condition,
especially in operational analysis. The present article tackles these issues and pre-
sents a fully coupled Multiscale algorithm that incorporates the CFD capabilities
of FDS and the 1D code Whitesmoke. Both computational tools are written in
Fortran language, compiled together and integrated to achieve the maximum
reduction in calculation time. Furthermore, Whitesmoke can calculate the 1D
flow, including species transport, thermal losses in the tunnel, calculation of
inclined tunnels and placement of fans and obstacles, adding capabilities to the
Multiscale simulations. The application range of this novel tool includes several
engineering fields. Particularly our aim is its use in tunnel fires and ventilation sys-
tems, to simulate this kind of structures in a more efficient way. These tunnels
include vehicular tunnels, mining tunnels, metro tunnels and every other subterra-
neous and subaquatic tunnel.

2. Modelling Approach

2.1. General Description of the Algorithm

In this work, a multiscale model is created. This model is able to fully exploit the
capabilities of both 3D and 1D modelling, in terms of accuracy in front of com-
plex cases and reduced calculation time. The model integrates the 1D software
Whitesmoke, which is directly introduced in FDS.

The algorithm works as shown in Fig. 1. FDS and the 1D model are ran in ser-
ies, using the 3D with boundaries imposed by the 1D, and inversely, running the
1D with 3D data as the boundaries. Both algorithms run successively every few
seconds to achieve the coupling of their results. At first, the 1D model is run at
t = 0 in order to obtain the boundary conditions to be considered in the 3D
model, as discussed in the following sections. As the time-step adopted in the 1D
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model is larger than that used in the 3D model, the latter is run using fixed
boundary conditions until the time-step of the 1D model is reached. After that,
the 1D model is run using the boundary conditions obtained from the 3D model.
The 1D model determines the new conditions for the 3D model. This procedure
continues until the simulation is completed.

This time stepping structure allows for more stability, as a change in the bound-
ary conditions introduces a change in the whole domain of the CFD simulation.
Running both simulations together would require iterating more times the CFD
part of the code, to achieve convergence, reducing the potential time reducing
benefits of the whole algorithm.

2.2. 1D descriptions and Characteristics

Whitesmoke is responsible for the simulation of the far-field. This model purpose
is to solve three groups of equations, referred to the fluid dynamic, thermody-
namic and mass-transport in its 1D field. Each of these solution procedures uses
specific approaches. In this section, two notations are used, first, for the Navier–
Stokes and concentration equations, plain letters are scalars, bold letters are vec-
tors and letters with and arrow on top are tensors. The second notation is the
matrix notation, used for the network representation of the equations, here the
variables include a sub-index that indicates their dimension and origin.

2.2.1. Network Structure This method can represent, in a compact way, systems
where one dimension is preponderant over the other two dimensions [4]. The
Graph theory [27] is used to describe the topology of these systems. The domain
is defined using nodes and branches. Each portion of the tunnel or ventilation sys-
tem is represented as a branch, bounded by two nodes (the inlet node and the
outlet node). In the branches, the physical and geometrical properties are defined
(length, diameter, rugosity) and the flow rates. The nodes represent the extremes

Figure 1. Multiscale Algorithm Representation.
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of the branches and link the branches among them. In each node, the pressure,
temperature and composition are defined. At last, a matrix can be built using
these nodes and branches, called the incidence matrix. This matrix has one row
for each node and one column for each branch. In each column, the inlet (with
a + 1) and outlet (- 1) nodes of each branch are identified. These are conven-
tionally defined, meaning that the flow rate in a branch is positive if it flows from
the inlet towards the outlet and negative otherwise.

2.2.2. Fluid Dynamics Model This part of the model is built around a modified
version of the 3D time dependent Navier–Stokes equations for continuity (2.1)
and momentum (2.2).

@q
@t

þr: quð Þ ¼ 0 ð2:1Þ

@qu
@t

þr: quuð Þ ¼ �rp þr:~sþ DPsource ð2:2Þ

where q is the density, u the velocity, t the time, p is the pressure and r:~s is the
viscous term. Proper assumptions are considered for the Navier–Stokes equations;
in particular, the one-dimensional form of these equations is considered, for conti-
nuity (2.3) and momentum (2.4). Two momentum sources are introduced DPfric.
and DPsource. The first one, the DPfric, in order to account for the viscous term

which losses most of its meaning when eliminating the transversal dimensions, it
accounts for local and distributed friction. The second is the DPsource. and mainly
accounts for momentum generated by fans, jetfans and similar sources.

dq
dt

þ dqu
dx

¼ 0 ð2:3Þ

q
du
dt

þ qu
du
dx

¼ � dp
dx

� DPfric þ DPsource ð2:4Þ

The equations are developed around branches (momentum) or nodes (continuity),
following the network representation. The backward Euler method is used as the
time advancing scheme. The final equations are Eq. (2.5), for continuity, and
Eq. (2.6), for momentum.

qti � qt�Dt
i

� �

Dt

X

j

AjLj
2

 !

þ
X

j

ujAjqj þ Gext;i ¼ 0 ð2:5Þ
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qj
utj � ut�Dt

j

� �

Dt
Lj þ Piþ1 � Pið Þ � DPfric j þ DPsource j ¼ 0 ð2:6Þ

Pi ¼ pi þ
qiu

2
i

2
þ qigzi ð2:7Þ

where L is the length of the branch, A the cross section, G the mass flow rate, i
enumerates the nodes and j the branches. Equation (2.7) shows the meaning of the
total pressure, that includes the static pressure, the dynamic pressure and the
buoyancy term.

Proper semi-empirical relations are used in order to compute the two source
terms. In the case of the distributed and local losses due to friction, DPfric,
Eq. (2.8) is used, from [28].

DPfric j ¼
1

2
fj

Lj
Dh;j

þ
X

bj

� �
qju

2
j ð2:8Þ

In (2.8) fj stands for the friction coefficient of the branch j, bj the minor losses

coefficient and Dh;j the hydraulic diameter of the branch.

The term DPfan is calculated using two formulas, Eqs. (2.9) and (2.10). In these
formulas a, b, c and d represent empirical coefficients that describe the polynomial
function of a jet-fan, nj the amount of fans in branch j, Af the fan discharging

area, Kf the pressure rise coefficient and uf the fan discharge velocity.

DPfan j ¼ au3j þ bu2j þ cuj þ d ð2:9Þ

DPfan j ¼ njqj
Af

Aj
Kf uf uf � uj

� �
ð2:10Þ

The term DPpiston is evaluated through the expression (2.11). In this expression ev
stands for the aerodynamic factor of a determined vehicle, Av for that vehicle
cross-section, N1 and N2 are the number of vehicles in each direction, and u1 and
u2 the velocities in each corresponding direction. This calculation is solved for
each kind of vehicle in the tunnel. This expression is extracted from [29].

DPpiston j ¼ ev
Av

Aj

qj
2

N1 u1 � uj
� �2�N2 u2 � uj

� �2h i
ð2:11Þ

The pressure variation terms used in the calculation are updated in each 1D time-
step, updating the density and velocity values, introducing the effect of the degra-
ded local conditions through the simulation. More detailed explanations of the
developments shown in this part can be found in [4, 30].
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2.2.3. Thermal Model The thermal model is based on the transient energy
Eq. (2.12).

@ qcpT
� �

@t
þr: qcpuT

� �
¼ r: krTð Þ þ uv ð2:12Þ

where cp is the specific heat, T the temperature, k the thermal conductivity and uv
the volumetric source term. The development of the equation follows similar steps
as the development of the fluid dynamic model. First, the equation is written in
one-dimensional form (2.13):

qcp
dT
dt

þ qcpu
dT
dx

¼ k
d2T
dx2

þ uv � ul ð2:13Þ

The last term considers the heat losses through the walls, that cannot be explicitly
calculated due to the absence of thermal gradients in transversal direction. Equa-
tion (2.13) is then integrated and discretized in the control volumes, defined as the
volumes surrounding each node of the network. Developing the first term on the
left-hand side using the Backward Euler method, drives to Eq. (2.14):

qticp;i
T t
i � T t�Dt

i

� �

Dt
DV þ

X

j

qtjcp;iu
t
jAjT t

j ¼
X

j

kj
@T t

@x

����
j
Aj þ /v;i � /l;i ð2:14Þ

It must be noted that the second term on the left-hand side of Eq. (2.14) accounts
for the flows of energy entering and leaving the volume. Temperature in the cross
section in the middle of each branch is evaluated using an upwind scheme, conse-
quently it is equal to the temperature at the inlet node of the branch. The devel-
opment of the equations is explained in deep in [3, 4, 30].

The procedure followed to calculate the heat losses through the walls uses a
global heat transfer coefficient to calculate the heat loss through the surface, as
seen in Eq. (2.15) where Xj is the perimeter of the branch and Uj the global heat

transfer coefficient of the branch.

/l;i ¼
X

j

Lj
2
XjUj Ti � T1;j

� �
ð2:15Þ

Then the global heat transfer coefficient is calculated using expression (2.16), here
hj stands for the convection heat transfer coefficient, calculated in expression

(2.17), and RRR;j is the global heat transfer coefficient of the rock around the tun-

nel.

Uj ¼
i
hj

þ RRR;j

� ��1

ð2:16Þ
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hj ¼
1

8
fjcp;j

Gj

Aj
: ð2:17Þ

2.2.4. Mass transfer The mass transport in the 1D model is based on a combina-
tion of the continuity Equation and the Fick theory, according which the concen-
tration in turbulent fluxes are proportional to the mean gradient concentration [4].
The one-dimensional form of this equation is in expression (2.18).

@C
@t

þ u
@C
@x

¼ D
@2C
@x2

þ Sp ð2:18Þ

Here C is the concentration of the different components, D the diffusion tensor
and Sp is a source term for other contaminants. Integration of Eq. (2.18) in a con-

trol volume centered in one node gives expression (2.19)

r
CV

dC
dt

@V þ
X

j

ujAjCj ¼
X

j

DjAj
Ct
i � Ct

j

Lj
þ Sp;i ð2:19Þ

The concentration Cj at each inlet section of the control volume is obtained using

the upwind scheme, as in the thermal model. Following this scheme, the value of
Cj is the concentration of the upstream node considering the flow direction. The

numerical expansion of the time dependent term involves the use of a backward
Euler formulation, namely (2.20)

Ct
i � Ct�Dt

i

Dt
þ
X

j

utjAjCt
j ¼

X

j

DjAj
Ct
i � Ct

j

Lj
þ Sp;i ð2:20Þ

2.2.5. Matrix Formulation The equations previously written for a single control
volume can be expressed for the entire network using a matrix formulation. In
particular, the incidence matrix provides a mathematical description of the entire
topology, linking the branches and the nodes. The continuity equation becomes
Eq. (2.21).

~ADGt þ Gt
EXT þ r ¼ 0 ð2:21Þ

The vector Gt contains the flow rates in the branches at current time t. The vector

Gt
EXT contains the flows extracted (if positive, injected if negative) at each node.

The time dependent term is organized in the vector r. If the assumption of incom-
pressible flow is considered this term drops. The momentum equation becomes
Eq. (2.22).

~ATDPt ¼ Rt þ Ctð ÞDGt � tt � st ð2:22Þ
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The left-hand side of the equation represents the pressure variation in the bran-
ches, as P contains the total pressure in all the nodes. The term RtDGt accounts
for the losses due to friction, being the matrix Rt a diagonal matrix containing the
fluid dynamic resistance of the various branches. The terms in Rt depend on the
mass flow rates, therefore an iterative calculation is necessary, as explained below.
The vector tt is a generalized term containing the pressure variations due to the
different sources (fans, vehicles), st and Ct are the contributions of the time depen-
dent term, generally neglected.

With regards to the thermal model, the matrix form is in Eq. (2.23). This for-
mula includes the diagonal mass matrix Mt, the stiffness matrix Kt and the tem-
perature vector T t. On the right-hand side, the vector f t contains the known

temperatures (as boundary conditions), Mt�DtT t�Dt is the product of the mass term
and temperatures in the nodes at the previous time step and Uv;i is a heat source

term.

Mt þ Ktð ÞTt ¼ ft þ Uv;i þMt�DtTt�Dt ð2:23Þ

The formulation for the mass transport model (2.24) has the same structure as the
thermal model. The notation used is similar to the one used in (2.23). On the left-
hand side, a mass term and a stiffness term multiplying the vector of concentra-
tions. On the right-hand side are present the known terms, the source term of
contaminants and the mass and concentration at the previous time step.

Mt
C þ Kt

C

� �
Ct ¼ ftC þ St

p þMt�Dt
C Ct�Dt ð2:24Þ

2.2.6. Solution Procedure The method used to solve the fluid dynamic model is
the SIMPLE algorithm (Semi-Implicit Method for Pressure Linked Equations),
proposed by Patankar and Spalding [31]. This algorithm is based on a ‘‘guess and
correct’’ procedure and uses a modified form of the matrix formulation, to solve
the linkage between the equations in the fluid dynamic model.

The procedure the SIMPLE adopts is shown in Fig. 2, where superscripts * and
‘refer to the guess values and to the corrections, respectively.

The term Var indicates the general dependent quantity. At the first iteration,
both Varold (the previous value) and Var* (the current approximation) assume the
value at last time step. The 6 equations on the right are used to update the vari-
ables, starting with the mass flow. The first equation requires an iterative method
to be solved, as the equations are non linear; the fixed point method can be
applied to this purpose. The correction term to the pressures is then calculated
using the second formula and is used with an under-relaxation factor to obtain
the new pressure approximation (third equation). After this, the mass flow rate
term is updated using an under-relaxation factor (fourth equation). Finally, the
temperature and the concentration are updated (fifth and sixth equation). After
obtaining the new values of the properties, the residuals of the expressions of the
pressure and mass flow rates are used to evaluate the solution convergence. When
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the solution converges the SIMPLE exits, otherwise the values of the variables are
saved and updated.

2.3. 3D Descriptions and Characteristics

The software used to run the 3D part of the algorithm is the FDS in its release
version 6.7. FDS is an open source program, coded in Fortran 90 created to solve
a wide variety of fire engineering problems and study the fundamentals of fire
dynamics. Some main characteristics can be pointed out of the FDS:

� Geometry It uses meshes and obstructions built using quadrilateral shapes. Mul-
tiple meshes can be simulated in parallel, to optimize the computational time.

� Hydrodynamic Model The turbulent model used is the LES (Large Eddy Simu-
lation). The solution is calculated using a two-step ‘‘predictor corrector’’ algo-
rithm to solve the Navier–Stokes equations.

� Combustion model The default combustion model uses a single step, mixing-con-
trolled reaction (meaning mixed is equal to burnt). This reaction uses only 3
reactants: air, fuel and products, lumping them for easier handling.

For more details on how the FDS works we refer the reader to the different
guides included with the FDS, the User Guide and the Technical Reference Guide
[19, 32].

2.4. Interaction Between the 1D and 3D Models

The interaction between the two models can be classified, according to previous
works in the mathematical theory for domain decomposition [33], as a non-over-
lapping Dirichlet–Neumann Direct Coupling. Its main characteristics are: (1)
meshes of the 1D and 3D do not share any common domain. (2) Dirichlet and
Neumann boundary conditions are set on each common boundary. (3) a constant
exchange of information occurs between the two modules during the simulation,
where both sub-algorithms are ran together.

Figure 2. SIMPLE Algorithm Procedure.
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To manage the coupling between the two models, proper modifications have
been implemented on both FDS and Whitesmoke. As a first step, the models have
been joined through their codes, compiling them together. To achieve this, sub-
routines have been created to manage the data exchange among the 3D and the
1D. A new namelist has been introduced to FDS, called EXCH, to introduce the
data regarding the exchange boundaries between the two models. The information
exchange and 1D calculation are done at the end of the FDS timestep, leaving the
boundary conditions for the next timestep.

The boundary conditions that can be used to link FDS with Whitesmoke are
two: the ‘‘PRES’’ and the ‘‘VEL’’ boundaries.

2.4.1. ‘‘PRES’’ Boundary In the ‘‘PRES’’ boundary condition, the 3D model
imposes the pressure to the 1D model and the 1D model imposes the mass flow
rate to the 3D model. This boundary behaves as a vent in FDS, meaning that it
only has a mass flow in one direction, entering or exiting the domain. The pres-
sure value that the 3D imposes is calculated as the average value of the pressure,
weighted by the mass flow per unit area, in the boundary section and is assigned
as the pressure of the 1D node in the boundary, not the total pressure. The mass
flow of the 1D is imposed as the mass flow of the surface in the exchange bound-
ary (in the 3D).

Therefore, mass is conserved using the mentioned approach, where the mass
flow is calculated in the 1D and then evenly assigned to the 3D boundary. And
the momentum is also conserved by exchanging the pressure, calculating the aver-
age of the pressure times the mass flow, introducing the mass flow averaged pres-
sure as the 1D boundary condition.

2.4.2. ‘‘VEL’’ Boundary In the ‘‘VEL’’ boundary, the 3D model imposes the mass
flow rate to the 1D model, and the 1D model imposes the pressure to the 3D
model. In FDS, this boundary condition behaves as an open boundary. Open
boundaries allow flow in both directions at the same time; therefore, backflow is
allowed. Even as this surface does not present issues in terms of backflow, the
flow must be as homogeneous as possible to ensure a good transition from the 3D
to the 1D part of the algorithm.

In this boundary, the mass conservation is ensured as the mass flow, per unit
area, is calculated in the 3D, as the average of the product of the density and
velocity in each cell of the boundary; and then assigned to the 1D node multiplied
by the area. And the pressure of the 1D node is introduced as a dynamic pressure
(an FDS parameter for OPEN surfaces), in the 3D boundary.

2.4.3. Boundary Considerations Tunnel simulations often use as boundary condi-
tions velocities, as measured in a tunnel section or ventilation shafts, and environ-
mental pressure exits. This are the boundary conditions considered to design the
multiscale model. Therefore, both the ‘‘PRES’’ and ‘‘VEL’’ boundaries are used at
least once, in the cases shown.
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Simulations with two ‘‘PRES’’ boundaries, imposing the velocity at both sides
of the tunnel have not been considered to avoid mass accumulation in the 3D
domain, caused by having fixed mass flows at both ends.

Then, the position of each boundary should be decided. In our simulations, the
‘‘PRES’’ boundary condition is always placed upstream of the fire, to keep it
away from backflows, that cannot be handled. It is placed at a distance higher
than the backlayering length, being this quantity calculated using one of the dif-
ferent expressions available in the literature [16, 34, 35]. In cases where there is no
backlayering or it is considerably short, still some distance must be left for the
flow to pass from laminar to turbulent; the distance will depend on the flow
speed. Opposingly, the ‘‘VEL’’ boundary is located downstream the fire, at a dis-
tance long enough to get a homogeneous flow when the simulation reaches a
steady state. A schematic example can be seen in Fig. 3.

2.4.4. Temperature and Concentration Boundary Conditions The temperature and
concentration boundaries are calculated in a way that is independent of the type
of boundary.

Temperature and concentration are imposed along the mass flow direction,
therefore, if the flow goes from the 3D to the 1D, the 3D will impose the air con-
centration, and temperature, in that boundary, and vice versa. These quantities
are calculated in the 3D boundary, averaging with respect to the mass flow rate
and assigning it to the 1D node; and from the 1D assigning the 1D node tempera-
ture, or concentration, to the 3D boundary.

2.4.5. Multiscale Accuracy and Stability The accuracy and stability of the model
must be separated in three parts, 1D, 3D and the interface.

The 3D, accuracy and stability of the FDS as a CFD model has been widely
tested, in both scientific articles and their own guide [36, 37]. The FDS boundary
conditions inside the multiscale change at each timestep of the 1D model (e.g.
every 3 s of simulation time). This to benefit stability, as changes in the bound-
aries introduce changes in the whole tunnel that require a short number of time-
steps to be assimilated by the model.

The 1D, accuracy and stability of the Whitesmoke are related to the solver and,
mostly, the tolerances used. The SIMPLE [31] solver is used. This is a ‘‘guess and
correct’’ algorithm. To ensure convergence and validity of the results, four criteria
are used, three of them signal that the error between the last two iterations in any
point must be lower than 10–2 for temperature, concentration and mass flow, and
the last one checks the residuals of the momentum equation, which should also be

Figure 3. Boundary Placement.
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lower than 10–2. To achieve faster convergence the solver uses under-relaxation
factors to reduce the oscillations of the solution.

The Interface, the way the information is exchanged has already been explained
in this section. The exchange is done at the end of the FDS iteration to not inter-
fere in the FDS solver process. Then the boundary conditions of FDS are chan-
ged with different 1D data, depending on the kind of boundary, to be used in the
next FDS iteration. The data passed from one domain to the other is averaged in
the mass flow, and then distributed accordingly in the other domain boundary, to
reduce possible instabilities.

2.5. Interaction with the Ventilation System of a Tunnel

The model must consider both the tunnel and the ventilation system. Depending
on the configuration, ventilation can be classified as longitudinal, transversal or
semi-transversal. The three configurations are shown in Fig. 4; these can be built
and effectively calculated using the 1D–3D model. Using the novel features of the
model that are presented here, it is possible to: (1) precisely model the jet-fans and
axial fans in the 1D portion, introducing proper characteristic equations, (2) con-
sider the operational degradation of these devices due to smoke propagation, (3)
consider the stack effect and the piston effect in the 1D portion, (4) impose the
pressures at the portals.

The components needed to build these kinds of configurations are fans, ducts
and extractions, and can be introduced in various ways, as discussed below.

2.5.1. Extractions and Networks Extractions are outlets for the ventilation systems
of tunnels, mostly for long tunnels. It is possible to add extractions to the multi-
scale model in its 1D or 3D part as shown in Fig. 5. For the 3D part FDS vents

Figure 4. Different types of ventilation, Longitudinal, semi-
transversal and transversal.
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can be used, fixing in this way the volumetric or mass flow of the extraction.
Otherwise, a boundary to the 1D can be used to simulate the extraction. In this
way, the boundary connects to a node that ultimately arrives to a boundary with
a mass flow or pressure condition.

Tunnel networks can also be simulated with the 1D, different bifurcations and
complex tunnels can be introduced, the only requirement is to discretize them into
nodes and branches and introduce them into the 1D.

2.5.2. Fans Jet fans are mostly used in longitudinal and semi-transversal ventila-
tion systems to induce a longitudinal velocity in the air flow. From a modelling
perspective, fans also give a flow boundary condition, which causes a pressure rise
in the section where they are installed. They can be modelled as shown in Fig. 6.
In the 3D part of the model, fans can be introduced through regular FDS meth-
ods, for example, a couple of vents in an obstruction introducing and extracting
air. When multi-scale is adopted fans can be easily added to the 1D part of the
model, specifying the position where they are installed and their characteristic
curve or some operational properties of the fan. More Details regarding the mod-
elling of the fans are in [3].

2.5.3. Ducts At last, ducts are mainly used in semi-transverse ventilation systems.
Ducts are used to manage the air flow and communicate to ventilation shafts.

Figure 5. Extraction configurations.

Figure 6. Fans configurations.
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Ducts can be introduced by placing 1D boundaries in the tunnel and building
the corresponding 1D network. In this case, the advantage of using Whitesmoke is
that it is possible to consider the characteristic curve of the fan and then calculate
the air/exhaust flow as the function of the external and internal pressures and con-
sidering the temperature distribution.

2.5.4. Local Effects Another important advantage of using multiscale is that it is
much easier to take local effects into account. These include for instance the pres-
ence of obstacles to the air/exhaust flow but also the piston effect. The latter is
typically a transient effect due to the vehicles moving in the tunnel, therefore it is
quite difficult to consider it in the 3D model and much easier in the 1D model.

2.6. Multiscale Model Application

The proposed 1D–3D represents the networks in the same way as the FDS
HVAC, treating the data differently. Both models calculate quantities as the losses
(both minor and flow losses), the mass fractions, among others. But the 1D–3D
adds the capabilities to calculate the heat losses through the network, impose
other kinds of pressure boundaries, as pressurized and velocity boundaries, and
add inclination or special pressure changes to the 1D calculation. The 1D–3D fea-
tures a direct coupling between both algorithms, while FDS and HVAC has a
non-direct coupling and may struggle with big inlets or outlets, as it was not
meant for them.

2.6.1. Test Case To test the capabilities of the proposed approach, a tunnel is
simulated with FDS only and the multiscale model. The simulated tunnel is a one-
track tunnel with dimensions of 4.8 m 9 4.8 m 9 600 m. The walls have a rough-
ness of 4.2 mm and are modelled as inert walls at a fixed temperature (as the dif-
ference with simulating the heat exchange through the wall thickness resulted in
similar temperatures and heat losses).

The Heat source is placed at a distance of 0.3 m from the floor in the midpoint
of the section and tunnel length. The fire comes from a pool of Diesel, with a
Heat of combustion of 43,027 kJ/kg and a soot yield of 5%. The pool dimensions
are 1.2 m 9 1.2 m 9 0.3 m. The heat release rate of the fire is of 2 MW, as in
Fig. 7. This fire intensity was selected considering future validations of the model
with an experimental test and that they would require heat rates that guarantee

Figure 7. Heat Release Rate of the Fire Source.
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the integrity of the test site or tunnel. The air velocity is imposed equal to 1 m/s
on the upstream portal and an external temperature of 15 �C is considered.

The comparison is performed between a full FDS simulation (600 m) and a
multiscale simulation (a 1D section of 150 m, a 3D section of 250 m and a second
1D section of 200 m), as shown in Fig. 8. The 1D has calculating nodes at the
boundaries, at 200 m and 300 m of distance to the fire, both up and downstream.

The distances from the fire to the boundaries were selected based on different
criteria. First, the upstream distance is constrained by the backlayering length, the
backlayering expected for the characteristics of this fire was around the 80 m (cal-
culated using the relationships found in [16]), so 150 m were simulated in 3D to
ensure that the smoke would not arrive to the boundary.

In the downstream position, it is necessary to guarantee that the flow arrives to
a homogeneous or quasi-homogeneous state. The ideal length would let the flow
arrive to environmental temperature but depending in the heat release rate of the
fire, and other factors in smaller degree, it would reduce the time saving of the
whole simulation. Therefore 100 m. were set in the downstream site as it repre-
sented a distance were the flow properties descended with a monotone steepness
towards environmental conditions.

Figure 8. Simulations in the Multiscale (upper), and FDS (lower).
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3. Results

The output from FDS and the Multiscale model is shown next. In Fig. 9, the dis-
tribution of velocities can be appreciated along the tunnel, for the multiscale and
full 3D cases. Here the 1D region is drawn slimmer to distinguish it from the 3D
domain, still it has the same cross-section in the calculations. It can be noticed
that the backlayering stops at close to 80 m, for the upstream part of the tunnel,
with almost the same backlayering length for both simulations. Also, the velocity
in the downstream part of the tunnel is the mean value in the section, which is
representative of the whole cross section. This result shows that the velocity pro-
files are similar in the two cases, with a deviation smaller than 6% on the back-
layering length.

Figure 9. Velocity [m/s] distribution at the boundary at a 50 s, b
100 s, c 150 s and d 200 s.

Figure 10. Velocity and Temperature 50 m upstream of the fire,
mass averaged value.
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Figures 10 and 11 compare the temperature and velocity in two sections of the
tunnel, 50 m upstream in Fig. 10 and 50 m downstream in Fig. 11 of the fire. In
both comparisons the error introduced by the multiscale model is negligible in the
steady state value. In Fig. 10 is possible to observe that the values are offset for
some seconds, but the error disappears in a short amount of time.

Figures 12, 13 and 14 show the comparison of the longitudinal evolution of
average temperature and average velocity (both as a magnitude and in the tunnel
axis) obtained at the steady state using the two models. Three sections can be
analysed in the two graphs.

First, the upstream section where the velocities and temperatures match closely
from one simulation to the other. In this part, our model achieves great time sav-
ings without adding error to the whole simulation. Therefore, as long as the back-
layering length of the fire is respected the 1D can be used without consequences.
A difference of less than 5 m is observed in the backlayering length, observable in
both the pressure and temperature graphs.

The second part would be the fire zone. In the vicinities of the fire is appreci-
ated how both simulations match almost completely. This indicates that the
assumptions and boundaries imposed by the multiscale model do not affect the
results obtained from the fire zone in the FDS calculation. Therefore, evaluating
the fire and its effects in the vicinities has the same results in the FDS by itself or
being paired in the multiscale model. The maximum difference in the average tem-
perature is in the cross section is about 4 �C, while the difference in the average
velocity is less than 0.05 m/s.

The zone after the fire gets similar behaviours with temperatures with the ten-
dency to decrease, as heat is loss through the walls, and velocities that also
decrease, as the air gets denser. Still in this last part there are two zones where the
results are moderately different. These zones match the places where the bound-
aries of the domains are placed. Both boundaries are OPEN surfaces from the
FDS and are characterized by a release of the flow to an environmental condition.

Figure 11. Velocity and Temperature 50 m downstream of the fire,
mass averaged value.
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Figure 12. Comparison of Temperature between a full 3D simulation
and a Multiscale simulation.

Figure 13. Comparison of velocity (magnitude) between a full 3D
simulation and a Multiscale simulation.

Figure 14. Comparison of velocity (tunnel axis component) between
a full 3D simulation and a Multiscale simulation.
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This flow release involves a flow velocity increase in the less dense part of the sec-
tion, and a recirculation from environmental air in the denser region, as observed
in the Fig. 10.

The behaviour obtained in Fig. 15 is a consequence of buoyancy. The less dense
upper region obtains a vertical velocity increase due to the density difference with
environmental air of the outside. And as a consequence of the increase of velocity
and mass flow in the upper part, the lower part presents recirculation to conserve
the mass balance. The consequence of this interaction is a drop in the tempera-
ture, as colder air comes into the domain, and an increase in the velocity, due to
buoyancy. In Figs. 12, 13 and 14 this effect is observed close to the 100th meter
downstream the fire, in the multiscale simulation, introducing an error in tempera-
ture and velocity. The effect appears again in the 300th meter downstream, but
now in the FDS calculation. This behaviour is correct when the outlet section
coincides with a tunnel portal, while it is not in the case of a 3D-1D link.
Depending on the average temperature of the exhausts on this section, the effect
might require corrections. A possible approach consists in partially superimposing
the 3D and the 1D sections, so that the temperatures and velocities in the portion
of tunnel affected by this issue are calculated using the 1D model.

Regardless of the issues in the boundary, in Fig. 16 is possible to observe that
the mass flow that enters the tunnel is conserved in its way to the exit, with some
oscillations because of the unsteady nature of fire simulations. Furthermore, in the
first half of the simulation we can observe that the mass flow value is greater, this
matches with the heating and expansion of the air inside the tunnel. This effect
disappears progressively as the tunnel reaches a steady temperature in all its
length, around 400 s.

At last, Fig. 17 shows that the time reduction obtained using the Multiscale
model, compared to the full-scale model. The reduction amount is proportional to
the region of the simulation that is calculated using the 1D model of the multi-
scale. In this case the 1D calculates about 58% of the length and a reduction close
to the 50% of the time is obtained. It must be remarked that this calculation time
reduction should increase for longer tunnels with lengthier parts being processed
by the 1D model. Therefore, the benefits of the model should be bigger when used
in the longer tunnels, for which it is though.

Figure 15. OPEN boundary behavior.
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4. Conclusions

This paper proposes a multiscale 1D-3D model for application to tunnels in the
case of fire. The model is obtained by joining together the CFD code FDS and
the 1D code Whitesmoke. The direct coupling between the two models provides a
constant exchange of information among them, giving the whole code robustness.
With respect to the full 3D simulation, the model is capable of reducing the com-
putational time proportionally to the 1D portion of domain. In addition, the sim-
ulation capabilities are enhanced as the approach allows one considering pressure
boundary conditions at the tunnel portals or at the ventilation shafts (which is not
straightforward with full 3D simulation). Moreover, the proposed approach is
expected to allow one incorporating the features of the code Whitesmoke: (1) the
characteristic curves of the fans/jet-fans and the degradation effects due to smoke
propagation can be considered, (2) the piston effect can be properly considered.

Figure 16. Mass conservation, comparisom of the flow entering and
leaving the domain.

Figure 17. Amount of calculation time required using a 0.25 m mesh
for different amounts of simulation time.
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A comparison between the two models shows that results are very close, provided
that the backlayering distance is respected upstream and that enough distance is mod-
elled in the 3D downstream. The distance required downstream is case sensitive and
depends mainly in the flow speed and the fire heat release rate. The error the multiscale
introduces into the simulation is localized in the OPEN boundaries it uses. A future
development for the model would be focused towards the elimination of this irregular-
ity by creating inside the code a Neumann boundary in temperature and velocity.
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