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ABSTRACT. A known model for describing tunnel fires is extended to the case
of tunnel networks. Physically motivated coupling conditions are formulated.
A numerical realisation of these conditions and of the full network problem is
presented. Finally, numerical simulation of realistic tunnel fires in networks
are performed.

1. Introduction. Due to some serious fire accidents in the near past tunnel fires
have become an interesting topic not only for CFD engineers. In the last decades
various mathematical models based on a gas-dynamic description of the air or the
air/smoke mixture in the tunnel have been proposed. A good overview on the
modeling approaches is given in [7, 15]. General information on tunnel fires can
be found on the information platform [3]. A recent survey on computer codes for
tunnel fire simulations can be found in [14] (and in [2]). Almost all these approaches
refer to single tunnels and not to tunnel networks.

Most of the approaches for single tunnels in [14] are based on standard gas dy-
namic CFD tools. Such (3 dimensional) simulations are known to be complex and
expensive. In addition many data are needed and the interpretation of the results
is a non-trivial task. From an application point of view a detailed knowledge of
the three-dimensional flow is in general not necessary. The main questions arising
from the application can often be answered by one-dimensional models (one longi-
tudinal spatial dimension). In addition one-dimensional approaches have important
advantages with respect to higher-dimensional models:

e There are simple ways to include turbulence models.

e Numerical simulations are in general not very expensive.

e There is a chance to extend the model to tunnel networks.

e Optimization strategies can be applied and solved in reasonable time.
Therefore in the following we only consider one-dimensional models.

In addition to the question about the number of (spatial) dimensions there are
mainly three difficult issues:
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e Very small Mach numbers.
e Large temperature differences such that significant heat transport takes place.
e The turbulent character of the flow.

Especially the combination of the first two points induces a serious problem. The
second point excludes a pure incompressible description (with the standard Boussi-
nesq approximation for the energy transport). On the other hand there are the
known problems of fully compressible approaches in the small Mach number regime.
Although this facts are known (even in the tunnel-fire literature, see [7]) they are
often ignored due to the lack of alternatives.

When considering tunnel networks the additional problem lies in the coupling
conditions of the various “tunnel pieces” at a vertex, where different tunnels meet.
This is a known problem and the solution depends on the models used in the tunnels
between the vertices. This question concerns well posedness of the conditions, but
also the numerical realization of the conditions at a vertex. Similar problems arise
in traffic flow networks (when using a fluiddynamic description) (see e.g [8]), in gas
pipeline networks (see e.g. [1]), in hydraulic networks (see e.g. [13, 17]), etc..

In this paper we consider a one dimensional model which was introduced in [11]
for a single tunnel. To our knowledge this is one of the first models derived from
underlying fluid dynamic equations. This model is derived in such a way that it
allows to combine both a good description in the low Mach number regime and
significant heat transport. The results obtained by now show that the model seems
to keep the main features of tunnel fires. A good (at least qualitative) agreement
with results from experiments has been obtained (see [5, 6]). In [4] the stationary
model was discussed. In [9] a global existence result of solutions of the transient
model was presented and in [10] a bifurcation analysis of the model faces the question
on the stability of certain stationary solutions. Higher dimensional versions of the
model have been employed in [12] and [16].

The paper is organized as follows. In section 2 we briefly present the tunnel fire
model for a single tunnel. In section 3 we discuss the case of a network and the
coupling conditions. In section 4 we present a numerical approach for the tunnel
network problem. In section 5 we give some numerical examples.

2. The model for a single tunnel. In this chapter we shortly describe the model
for a single tunnel derived in [11]. The purpose of the model is to describe fire events
in a long tunnel.

We give a short outline of the derivation of the model. The starting point are the
fully compressible Navier-Stokes equations for the gas (air or air-smoke mixture) in
the tunnel (in one space dimension). Let p, u, p, T be the dimensionless density,
velocity, pressure and the temperature of the flow in the tunnel, respectively. Let
x and t denote the dimensionless space coordinate along the tunnel axis and the
dimensionless time, respectively.

pt+ (pu)y = 0, (1)
1 .1 1 u|ul .
U + UUy + (W);px = U;Um _deT — Ja Sln(a) + 545,
aL

(v — 1)g + fu2

)\Txm +

(PT)e + (upT )z + (v — 1)pugy

Tp’f'

The fourth equation (for the four unknowns) is the scaled ideal gas law p = pT.
L and d are the length and diameter of the tunnel. We note that we choose the
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reference value for the heat source as ¢, = “#=, and the dimensionless constants 7,
A, fa are given by (values with a subscript r are reference values)
_41d 1 1d gL s, L _ pirL Euf

—s S oA=L = = o= =2
3Rel’ N TANEL STz P T e Py
(2)

where 7y is the adiabatic exponent, ¢ the sound speed, M the Mach number, Re the
Reynolds number and Pr the Prandtl number. These numbers are defined by

(’7 - 1)7 (3)
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where ¢, ¢y, 7, A the specific heats at constant pressure and volume, the viscosity
and the heat conductivity, respectively. The quantities pg, = par(z) and a = a(z)
are the z-dependent pressure loss coefficient and the slope profile of the tunnel.
Note that pg, = £L/d is the pressure loss coefficient of a fully developed pipe flow
which due to & = £(Re;) is a function of the (local) Reynolds number Re, only.
The constant g is the gravitational acceleration. The term s models an additional
force, i.e. ventilation fans. Finally, ¢ is the (scaled) heat source due to the fire.

Typical values corresponding to the above scaling are

Y=g c= 341ms™!, M?*=8.6-10"% Re=6.7-10°, Pr =0.72.  (4)
Due to M ~ 3-10~2 we are in the low—Mach number regime. Also, it is important
to note that the calculated Reynolds number indicates that the flow in the tunnel
is turbulent.

The small Mach number is the reason for the above mentioned difficulties in the
numerical treatment of the equations (1). The advantage in our application is that
the Mach number is always small (in time and in space). Therefore a small Mach
number asymptotic of the form (setting ¢ = yM?)

p=po+ep1 + O(?). (5)

is reasonable. This leads to py = po(t). Since the tunnel is an open region the
leading order pressure (which corresponds to the mean outside pressure) will not
change in time. Therefore py = const. We have pyp = 1 (such that the unscaled
leading order pressure is equal p,.). Then in leading order we have T' = %.

Since n and A are very small in our scaling, we (formally) neglect those terms.
The leading order equations (in €,n, \) are given by

pr+upe = —pg, (6)

1 Ul
Up + ULy + ;pm = _pdv% — fasin(a) + s4s (7)
Uy = (¢ (8)

with ¢ = ¢(z,t) as time and space dependent (scaled) heat source. For more de-
tails on the derivation of the model and scaling see [11, 5, 6]. The term s models
ventilation fans.

At the boundary (i.e the tunnel entrance and exit) we prescribe Dirichlet data
for the pressure p and standard inflow boundary conditions for the density for ¢ > 0

p(t, O) = pl(t)v p(t, 1) = p?'(t)a (9)
p(t,0) = pi(t) if u(t,0) > 0, p(t, 1) = pr(t) if u(t,1) <O0. (10)
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Initial data are prescribed for the density and the velocity
u(0,x) = up(x), p(0,2) = po(z), Vz€][0,1]. (11)

Thus, our model consists of the equations (6)-(8), the boundary conditions (9)-(10)
and the initial conditions (11).

A first problem lies in the fact that we have two boundary conditions for the
pressure but only a first derivative of the pressure in the model. There are at least
two ways to get rid of this problem ([11],[9]). We only present one reformulation
which will be used in the following. We eliminate the pressure by multiplying the
equation (7) by p and integrating over x € [0, 1]. This gives

/01 putd:c+/01 puldx+pr—p, = — /Olpdvpugudx/ol(fd sin(a)+sq8)pdz. (12)
Equation (8) gives
ulant) = o)+ [ a1y = o) + Q) (13)
where Q(x,t) is a known function. Then we obtain the system
prt W+ Qpe = —pg, (14)
Rvy + Rqv + /01 pdvadx = —RQ,+Qq+fasin(a)+sas
—pr+m (15)

for p and v, where R, Ry, RQ,+Qq+f,sin(a)+sqs denote functionals applied to p(w,t)
defined as (for an f = f(z,t))

Ry(0)= [ ple.)f. 0. (16)

The system (14)-(15) consists of an ODE for v and a PDE for the density p. Re-
member that the temperature is given by T = %. The only boundary conditions
needed are the inflow conditions (10) for the continuity equation. The conditions on
the pressure appear as parameters in (15). In the following we use the formulation

(14)-(15) for the network studies.

3. Tunnel networks. In this chapter we consider tunnel networks. The case of
a single tunnel becomes rare, since most of the modern tunnels are equipped with
additional ventilation systems and channels, which lead to a tunnel network. In
addition tunnel networks are common in subway systems, in cities, etc. In most of
the tunnel fire applications the fire will only be located in one single tunnel of the
network. This doesn’t make any problem, since in the case of no fire the tunnel fire
model in chapter 2 reduces to an incompressible fluid model with variable density
for the air or air/smoke mixture.

The idea is to use the model from chapter 2 for the single tunnels in the network
an to define (physically) meaningful conditions at the vertices. Boundary conditions
for a network structure are only allowed at the (real) entrances and exits, i.e. at
the boundaries to the outside world. Since we know, that the model for a single
tunnel needs boundary conditions at entrance and exit, we have to define quantities
like the pressure and the density (in the inflow case) at a vertex for every tunnel
meeting this vertex.
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3.1. The network notation. Before defining the condition at a vertex we have to
fix the network notations. Suppose we have a set of vertices Ny = {1,...,ny} and
a set of tunnels Ny = {1,...,ny} where ny,ny € N are the numbers of vertices and
tunnels, respectively. In every tunnel we have still a left and a right exit such that
the model of section 2 can be used without changes. We denote the quantities of
the ith tunnel by a superscript i« € N and values at the left (right) boundary by
a subscript [(r) as in section 2. To summarize, the quantities of the ith tunnel are
given by

A cross section,

phut =o' + Q7 pt, T density, velocity, pressure, temperature
M= [ p'(x)dz total mass,

D}, D left and right pressure values

i, pl. left and right density values

Tli, T left and right temperature values

ul = 0"+ Q% ul =v' + Q%L left and right velocitiy values
For every vertex j € Ny the set T9 C Ny it the set of those indices of tunnels which
enter the vertex j. We define the two maps

I vertex j lies on the left of tunnel 4

T:Npx Ny —{l,r,0}, T(i,j) = (¢ r vertex j lies on the right of tunnel 4

0 vertex j is not connected to tunnel ¢
-1 T@,5)=r
sgn: Ny x Ny — {-1,0,1}, sgn(i,j) = 0 T(i,j)=0
1 T(0,)) =1

This seemingly complicated definitions are necessary to write down the vertex con-
ditions in a simple and consistent way.

3.2. The coupling conditions at a vertex. Let us consider a single vertex j €
Ny . The tunnels with index i € T7 enter this vertex. Every tunnel is described by
the model (14)-(15) with inflow boundary conditions (10) and left and right pressure
values as parameters (or time dependent functions) in the equations. This model
is valid for constant cross section. The only additional information in the network
case are the cross sections A%, i € Ny. The only value in the model which depends
on the cross section — or better on the relation between longitudinal extension
and extension in the cross section — is the factor pg, in front of the pressure loss
term. But this factor includes also the surface properties and has to be determined
anyway for every single tunnel. As a consequence the cross sections enter as constant
multipliers for the various flows of the corresponding tunnels.

At the vertex j at every time ¢, some of the tunnels entering this vertex will
transport air or an air/smoke mixture into this vertex (we denote those inflow
tunnels) and the rest of the tunnels will transport air or an air/smoke mixture away
from this vertex (we denote those outflow tunnels). A tunnel with no flow can be
counted for as inflow or as outflow tunnel. Clearly when time evolves we have to
allow that tunnels may change from inflow to outflow and viceversa. In fact, these
are the cases of special interest in the applications.

Now we discuss the coupling conditions in a vertex. We know from chapter 2
that all tunnels - inflow and outflow - need a value for the pressure (as “boundary
condition”) at the vertex. In addition the outflow tunnels need a value for the
density (as “inflow boundary condition” for the density).
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It is easy to understand that we ask the mass to be conserved at every vertex
j € Ny, i.e. the sum of the mass fluxes sgn(i,j)p’T(ij)u}(ij)Al in the ith tunnel
has to be zero

D sen(is j)ppg )t A =0 Vi€ Ny. (17)
1€TI

This is our first condition at every vertex.

It is evident, that in general the momentum will not be conserved at a vertex.
In reality at a vertex a complex three-dimensional flow will be such, that a non
negligible part of the momentum is absorbed by the walls (and/or by viscosity in
case of vortices etc.).

It is also clear, that energy is not conserved at a vertex. However, the non
conserved energy is mainly the kinetic energy due to the motion of the flow. In
fact, if we look at the full energy density (in the ith tunnel)

ei — (M2pi(ui)2 +psz)A17

we realize, that in the small Mach number regime in leading order the kinetic energy
can be neglected. Therefore, the leading order term of the energy flux density is the
internal energy flux e* = u*p*T* A* which we assume to be conserved at the vertex

> senli, )T )Py e A =0 Vi€ Ny.
i€TJI

In other words, no other then kinetic energy is lost in a vertex. Since we know, that
in leading order all the terms p'T™ satisfy p'T* = p* = 1, we obtain a simplified
second condition at the vertex

Z sgn(i,j)u%(i’j)Ai =0 Vj € Ny. (18)

€T

Splitting into a sum of outflow and a sum of inflow tunnels gives

> sen(iuba AT+ Y sen(ifuk AT =0, (19)
i€T? ieT?
sgn(i,j)ur;, ;>0 sgn(i,j)um;, 5y <0

The conditions (17) and (18) (or (19)) deduced form the conservation of the mass
flux and the conservation of the non-kinetic energy flux are not sufficient to define
all required quantities at a vertex (the pressures for all tunnels meeting in a vertex
and densities for all outgoing tunnels).

Therefore we assume that in a vertex there is a good “mixing” of the flow in the
vertex, such that all outgoing tunnels (from a single vertex) have the same inflow
boundary' condition for the density Vj € Ny pijnﬁow = piT(i, i) for all ¢ such that
sgn(i, j)up; ;) > 0. Then from (17) we obtain

X er sen(i, 1)Prii gy wra A
j sgn(i,j)u; ;) <0 .
o = — — - >0 Vje Ny,
inflow D ieTi sgn(z,j)ulT(iJ.)Az

sgn(i,j)u%(i,j)>0
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and using (18)

> ieTi Sgn(iaj)p%(i,j)u%(i,j)Ai
; . sgn(4,7)urp(; 4y <0 ;
Pinflow — + T - >0 VJ € NV7 (20)
fl S ieT sgn(z,j)u’T(i’j)Az
sgn(i,j)ur; ;<0

Note that at every vertex j the density pijnﬂow is defined only by (known) inflow
quantities.

It remains to define the pressures at a vertex j € Ny. We assume, that again the
good “mixing” of the flow at the vertex causes a single pressure (the subscript N
stays for values at a vertex) in the vertex (as boundary condition for all inflowing
and outflowing tunnels). In fact, this is the pressure condition at the vertices

PN =DPray) Vi€ Ny,VieT’ (21)

Since the pressure in the vertex influences all the inflowing and outflowing quantities
it cannot be calculated directly from inflowing and/or outflowing quantities.

In the following we will see, that (at least numerically) the above mentioned

conditions are sufficient for the definition of the network problem. The total tunnel

network problem therefore consists of the following equations and conditions. Np

denotes the number of exits to the outside world (remember that Nr, Ny denote
the number of tunnels and the number of vertices, respectively).

e a number Nt of single tunnel equations of type (14)-(15),

e a number Ny of coupling conditions of type (18) for the velocities,

a number Ny ;nfi0w Of inflow conditions for the densities of type (20) with
0 < Nninflow < 2N7 — No — Ny,

e a number 2N — N of pressure conditions of type (21),

a number No of pressures at all exits to the outside world,

a number No in 10w Of densities at all inflowing exits to the outside world with
Noinflow < No.

The question of (unique) solvability of the total tunnel network problem is com-
pletely open and will not be answered in this paper. Some remarks on the solvability
will be made and the numerical solvability of the problem will be discussed in the
next section.

3.3. A (formal) monotonicity argument. We have seen that the pressures at
the vertices are additional unknowns in the tunnel network problem. However,
we expect a unique pressure value at every vertex due to the following formal
“monotonicity” argument. We consider the total volume flux qf_} at a vertex j
(which according to (18) should vanish) as a function of the pressure p’ at this
vertex
ahwh) = > (sen(i, ulA") (0h)
€Ty

Monotonicity property of the Pressure : When neglecting the condition (18)
at a vertex j € Ny then the total volume fluzx q% at this vertex is a monoton function
of the pressure pg\,.

In fact, increasing the pressure pgv in a vertex (by taking the outside boundary
conditions constant), we increase the outflow and we decrease the inflow such that
the total volume flux in the vertex decreases. On the other hand, decreasing the
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pressure ng in the vertex, the total volume flux is increased. The last two conjec-
tures could be proved studying the dependence of the volume flux on the pressure
boundary data in the single tunnel fire model. As a consequence of this seemingly
monotonicity property we expect a unique value of the pressure at the vertex with
vanishing total volume flux. In fact, this (formal) monotonicity property will be
used in the numerical solution of the problem in section 4.

3.4. Comparison to other network problems. Here we would like to compare
our network model to some known network problems, which are time dependent
and involve differential equations. As mentioned in the introduction similar network
problems arise in modeling gas pipelines, traffic flow, hydraulic networks, etc. From
a physical point of view the gas pipeline networks seem to be very close. However,
also the traffic low models are very similar to the gas pipeline models. In fact,
the more sophisticated models in both applications are based on 2 x 2 systems
of hyperbolic equations with a “source term” (see [1] for the pipeline application
and [8] for the traffic networks). The gas flow in the pipeline is described by the
isentropic gas dynamic equations with a friction term in the momentum balance. In
the case of traffic the situation is slightly different. Anyway, both are compressible
models. There are two main differences between the tunnel fire network problem
and the corresponding gas pipeline and traffic network problems:

e Like in tunnel fire network case, at a vertex the conservation of the volume
flux (18) and the pressure condition (21) is assumed. Since momentum flux
is not conserved at a vertex and since no low Mach number argument seems
to be applicable the remaining necessary conditions have to be found using
different arguments. As a consequence, there is a big variety of different addi-
tional conditions which seem not to be comparable to our physically motivated
conditions.

e In the gas pipeline case (and in the case of traffic) waves (and information)
in the underlying hyperbolic system travel with finite speed. Therefore the
problem at a single vertex in the network comes out to be a local (in space)
problem. In the tunnel fire network case we performed a small Mach number
limit and therefore the resulting problem is not hyperbolic. In fact we can
formulate an elliptic equation for the pressure. This means that we have
infinite speed of information and as consequence the problem at a single vertex
becomes a global problem with instantaneous influences from all over the
network. Therefore, we need to solve the full problem instantaneously.

From this point of view the (incompressible) hydraulic network problems seem to
be much closer to our problem. In fact, there the instantaneous solution of the
full problem is a known procedure (see [13]). However, two main differences to the
standard approach in hydraulic networks have to be mentioned:

e In our case u, # 0 at the position of the fires. In an incompressible model
the condition u, = 0 is fullfilled everywhere and cancels out the nonlinear
convective term (“72) = uu, = 0 and the related difficulties.

e In our case the density is varying, where as in most of the hydraulic applica-

tions the density is constant. This makes the network problem simpler.

Nevertheless there are hydraulic applications where weakly compressible models are
used. Such models are supposed to be closer to the above gas pipeline (or traffic)
network problems (see [17]).
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4. Numerical simulation. The numerical approximation of the tunnel network
problem consists in solving the one dimensional model (14)-(15) for every tunnel
i € Np, to fulfill the vertex conditions (18),(20),(21) and to fulfill the boundary
conditions on the exits to the outside world.

The problem for a single tunnel with index 7 € Np consisting of an ODE for the
time dependent velocity part v* and a continuity equation for p? can be solved by
standard schemes (see [5, 9]). In the simplest case this can be an explicit Euler-
scheme (or Runge-Kutta scheme) for the ODE and an upwind scheme for the PDE.
Even the simplest method is known to give reasonable results.

In the case of a network a naive approach would be to solve in every time step
the problems in every tunnel ¢ € Ny using the pressures pl, j € Ny at the vertices
as unknown parameters and trying to obtain (e.g. by an iterative approach) good
pressure values at the vertices (satisfying (21)) such that the vertex conditions (18)
(and also 20) are fulfilled. This is equivalent to a Ny dimensional fixedpoint problem
(for every time step), which is expected to be numerically very expensive.

Here we propose a much faster alternative approach. For simplicity we start with
a simple explicit Euler scheme to solve the ODE. One explicit Euler step gives for
i € Nt

Vit + At) = v () + At fi[v, p, Q)(t) + At Mpr
where the functional f* depends only on the state of the system at time ¢ and not
on the pressure values of the boundary. We plug the value of v at time ¢ + At into
the vertex condition (18) and obtain for every j € Ny the condition

3 sgn(i, )01 () + At flo, p, QI() + AL L Qn (4 AR AT = 0.

1€TI

Even before using the pressure condition (21) we see that this are apparently linear
equations for the pressure values. Rearranging gives

L > (sen(i, 5) (' () + Atf'[v, p, QUt) + Qipy; ;) (t + AL)) AY)

= —ngnzg pTAZ

€T
= - Z sgn(i, 1)pi 4 + Z sen(i, )Py 3 (22)
€T i€TI
Now we use the pressure condition (21) and obtain for every j € Ny
1 o . , ,
o 3 (s )W (1) + AF o, . QUE) + Qi ¢+ A1) A) (23
€T
G A g A
+ Z Sgn(zﬂj)pl M - Z Sgn(27j)pr M

{i€T9|T (i,k) £ Vi} {ieTj\T(i k)srVk}

= —rk D, se(id)gg Z v D, senli J)z\i

(€T |T(i.5)=1} k=Lk#j  {i€T3|T(i.k)=l}
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i

. o Ai nv o A
+ry Y sen(i, ) 37 + >k > sen(i, j)

{ieTI|T(i,5)=r} k=1k#j  {i€TI|T(i,k)=r}
) Al
_ J
- _pNZ M
i€T
i Al Al
+ > |- X st DD se(d)gg
k=1,k#j {4€T*|T(3,5)=r} {4€T*|T(3,5)=1}

%

; A < Al

i€TI k=1,k#j i€TinT*

Now it is evident, that the pressure boundary conditions under use of an explicit
scheme are determined by a linear system of equations where the left hand side of
the equation is a well known constant at the time ¢. Further simplification gives

N > (Sgn(%])(v () + At f v, p, QI(t) + Qs 5 (t + At)) A ) (24)
€T
Al Al
+ Z P M + Z s A
{i€T3|T(i,k)#1L Vk} (4€T9|T (i, k) #r vk}
; Al 2V A
= Iy Z M Z plfv Z Ve
i€TI k=1k#j  i€TinT*

Note that for fixed k the set 77 NT* usually is empty or consists of one element
(whenever two vertices are connected by at most one tunnel). Reinterpreting the
right hand side of the equation to give the j-th row of the pressure matrix, we
conclude the following properties:

(P1) All diagonal elements of the pressure matrix are positive.

(P2) All non-diagonal elements of the pressure matrix are non-positive.

(P3) The pressure matrix is symmetric (neighbored vertices influence each other
directly).

(P4) All rows of the pressure matrix are at least weakly diagonal dominant.

(P5) If one tunnel i € TV is connected to the outside (not to another vertex) then
the j-th row is strictly diagonal dominant.

(P6) Let us reinterpret the tunnel network as a graph. Assume this graph to be
connected, i.e. one can get from each tunnel in the network to any other.
Then a vertex creating a strictly diagonal dominant row influences all other
vertices at least indirectly.

Form this we conclude the following Lemma.

Lemma 4.1. Suppose the graph corresponding to the tunnel network is connected.
Then the corresponding matriz of the linear system for the pressure values at the
vertices 1S

e reqular, if there is at least one tunnel connecting the network to the outside.

o singular, if there is no connection to the outside. However, the eigenspace of
the zero eigenvalue is one dimensional and corresponds to a possible additive
constant for all pressures in the (closed) network.



FIRES IN TUNNEL NETWORKS 701

Proof. Due to the theorem of Gerschgorin, the positivity of the diagonal elements,
the symmetry and the weak diagonal dominance, the pressure matrix is at least
positive semi-definite. Because the graph of the tunnel network is connected and
the entries outside the diagonal are non-positive, the only possible eigenvector of 0
would be a multiple of (1,...,1)”, but due to the strictly diagonal dominant row of
the matrix this vector cannot be an eigenvector to the proposed eigenvalue 0. Thus
the pressure matrix is positive definite and hence regular.

Furthermore if we do not require one tunnel to be connected to the atmosphere
then the pressure matrix is genuinely weakly diagonal dominant and one eigenvalue
of the pressure matrix is zero. Hence the space of possible pressure values is a one
dimensional affine linear space or empty. This corresponds to a possible additive
constant for all pressure values in the network. O

Therefore, for realistic tunnel networks (with a connection to the outside) we
obtain in every time step unique values for the pressures in the vertices. Remember,
that right now we only used the coupling conditions (18) and the pressure conditions
(21). The missing step is a time step in the continuity equation where we need the
inflow data for the density which are given uniquely by the inflow conditions for the
densities (20).

The overall algorithm for each time step we used here is given by the following
description.

1. Network step:
(a) Calculate pressure boundary values at the vertices by (24).
(b) Calculate inflow densities if necessary by (20).
2. Calculate the dynamics in each tunnel segment separately. Integrate for this
aim all necessary integrals by trapezoidal rule.
(a) Use first order finite difference upwind scheme to solve the continuity
equation (14).
(b) Use explicit Euler scheme to solve (15).
(c) Calculate u by (13).
(d) Calculate T by T = 1/p.
3. Repeat these steps up to final time.

This algorithm is very efficient due to its simplicity. Numerical tests with up to
5 vertices on a standard personal computer indicated that reasonable computations
run easily 10 times faster then real time (keeping in mind that we only use simple
standard schemes). But this could be fastened easily by one or even two orders
of magnitude. One can for instance coarsen the grids, especially those belonging
to tunnel segments that are not affected by hot air. Additionally, the algorithm is
naturally accessible to parallelized computation strategies.

5. Examples. In this section we present numerical simulations of a tunnel network
using the model and the numerics presented in sections 3 and 4. We choose a real
tunnel network, the Young Dong tunnel in Korea. This is a about 16.3 km long
railway tunnel with 3 additional ventilation tunnels going outside (see table 1, table
5 and figure 1). Since we do not have all necessary data for this tunnel we have to
guess some of them. Therefore, our results can only have a qualitative character.
The idea is to have a fire for a certain time period somewhere in the tunnel and
to try — by using a ventilation system — to keep certain areas in the tunnel free of
smoke (which in our model means free of hot air). Clearly, this is in general an even
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more complicated problem, since on top of the tunnel network model one has to do
even a control or an optimization problem for the ventilation strategy.

FIGURE 1. The profile of the Young Dong tunnel.

In our model the Young Dong tunnel is a network with 3 vertices and every vertex
has 3 entering tunnels. Let us refer to segments of the main tunnel as segments
numbered from left to right. The corresponding parameters are given in table 1. We

Parameter Value

Length Segment 1 6580 m

Length Segment 2 3130 m

Length Segment 3 3510 m

Length Segment 4 3020 m

Slope Segment 1 —2.45%

Slope Segment 2 at 0 — 2285 m —2.45%

Slope Segment 2 at 2285 — 2685 m | Polynomial C! blending of degree 3
Slope Segment 2 at 2685 — 3130 m —0.3%

Slope Segment 3 at 0 — 100 m —0.3%

Slope Segment 3 at 100 — 500 m Polynomial C' blending of degree 3
Slope Segment 3 at 500 — 3510 m —2.45%

Slope Segment 4 —2.45%

Cross section area of all segments 64 m?

TABLE 1. Main-Tunnel parameters of the Young-Dong-Model

denote those tunnels not belonging to the main tunnel by ventilation channels. The
corresponding data are given in table 5. In the succeeding figures of the examples a
positive velocity in a segment reflects flow from left to right, a positive velocity in a
ventilation channel reflects a fluid flow from up to down. Additionally, arrows in the
temperature illustrations indicate the flow direction. For the following simulations
we have chosen a set of parameters and conditions reported in table 5. Now we make
two different numerical experiments. In both cases we put on a fire in segment 3
of the main tunnel. In case of unforced pressure conditions we expect smoke (hot
air) to go upwards due to the slope profile of the tunnel and to leave the tunnel
towards the left main exit and towards the ventilation channels 1 and 2. Clearly,
the ventilation channel 2 would act like a chimney and probably transport most of
the smoke out of the tunnel. In both examples we would like to prevent the smoke
from going to the left from the fire by using a ventilation system.

Therefore we have to built up an over-pressure from the left of the fire in order
to force the smoke to leave the tunnel towards the right exit and the ventilation
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Parameter Value

Length of ventilation channel 1 1300 m

Length of ventilation channel 2 290 m

Length of ventilation channel 3 1097 m

Slope of ventilation channel 1 —25.53%

Slope of ventilation channel 2 perpendicular to horizon
Slope of ventilation channel 3 9.03%

Cross section area of all ventilation channels 7.84 m?

TABLE 2. Ventilation channel parameters of the Young-Dong-Model

Parameter Value
Spatial discretization 0.5m
¢ of all channels/tunnels 0.01
Pressure boundary conditions atmospheric
Onset of the fire after 60 s up to 160 s
Fire in the mid of segment 3 | 20 MW for 40 minutes

TABLE 3. Common parameters for the fire simulations

channel 3. From simulation with the single tunnel fire model [11, 5, 9] we know
that this is not possible in general, it depends on the slope profile, on the outside
pressures, on the ventilation system and on the strength of the fire. In the following
two examples we present two different ventilation strategies.

Example 1: This example uses a simple ventilation strategy. We put on the fans
in segment 2 and 3 and in the ventilation channel 2 in such a way that they produce
an over-pressure on the left side of the fire. In table 5 we present the details of this
first strategy. The result is interesting and needs some explanation (see figure 5 and

Position of ventilator Force | Pressure accordingly | Activation time
Segment 2 7200 N 1.125 mbar | after 1 Minute
Ventilation channel 2 | 1200 NV 1.531 mbar | after 1 Minute
Segment 3 8400 N 1.313 mbar | after 1 Minute

TABLE 4. Ventilation strategy for example 1

5, the illustrations are given approximately at minute 7, 10, 28, 40, 46, 54, 62 and
72). At the beginning the smoke is pushed downwards and a (small) part leaves
the tunnel towards ventilation channel 3. With ongoing fire there is more an more
smoke in the main channel on the right side of the fire producing big buoyancy
forces. After about 31 minutes these buoyancy forces are bigger then the forces of
the over pressure from the left and the smoke goes also to the left side of the fire.
Then a certain amount of smoke leaves the tunnel towards ventilation channel 2 and
the buoyancy forces in the tunnel are reduced. We conclude that this ventilation
strategy was not able to prevent smoke from going to the left side of the fire, because
there was a to large amount of hot air in segment 4 of the main tunnel.
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Example 2: Now, we apply a more sophisticated ventilation strategy (see table 5
and 6 for details). In example 1 the problem was, that the amount of hot smoke
in the main tunnel on the right side of the tunnel was to big after some time. To
avoid this we would like to push the hot smoke out of the tunnel through the third



FIRES IN TUNNEL NETWORKS 705
ventilation channel, such that the heated air leaves the tunnel system as fast as
possible. We still produce an over pressure from the left side of the tunnel. Even
though it seems to be counterproductive we push air from the fourth segment to the
left hoping the hot air will leave the system through ventilation channel 3 instead
of entering segment four by a significantly large amount. In fact, the simulation
shows (see figure 4 and 5, the illustrations are given approximately at minute 7,
12, 25, 33, 46, 50 and 60) that in this way we can keep the buoyancy forces of the
smoke on the right side of the fire small enough. Since the pressure produced in
the fourth segment acts against the ventilation from the other parts of the main
tunnel, this ventilator has to be deactivated from time to time. But then the hot
air is against forced to enter the fourth segment of the main tunnel. We therefore
activated and deactivated ventilators manually, such that both counteracting goals,
namely protection of the area left to the fire and protection of the fourth tunnel
segment, can be achieved.

Position of ventilator Force | Pressure accordingly
Segment 2 7200 N 1.1250 mbar
Ventilation channel 2 1200 N 1.5306 mbar
Segment 3 8400 N 1.3125 mbar
Ventilation channel 3 | —2400 N —3.0612 mbar
Segment 4 —3600 N —0.5625 mbar

TABLE 5. Ventilation data for example 2

Position of ventilator | Minute 1 | Minute 7 | Minute 13 | Minute 32
Segment 2 on off on on
Ventilation channel 2 on off on on
Segment 3 on on on on
Ventilation channel 3 on on on on
Segment 4 on on on off
Position of ventilator | Minute 46 | Minute 50 | Minute 56 | Minute 70
Segment 2 off off off off
Ventilation channel 2 off off off off
Segment 3 on on off off
Ventilation channel 3 on on on off
Segment 4 on off off off

TABLE 6. Ventilation strategy for example 2

6. Conclusions. We present a modeling approach for tunnel fires in tunnel net-
works. We use a known model for single tunnels and built up a model for the case of
a network. We formulate consistent vertex conditions. We propose an efficient nu-
merical scheme. The results show that it should be possible to study the underlying
optimal control problem with reasonable effort.
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