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The present paper considers a single-tunnel double-roadway tunnel with two ventilation ducts
installed parallel to and isolated from each other in the tunnel ceiling partition. A combined semi-
transverse ventilation system was used under standard conditions: fresh air is supplied to the tunnel
in a transverse direction, while dirty air is removed in a longitudinal direction - from the portals of
the road tunnel. During fire a transverse air supply and exhaust system with specified ventilation
ducts is activated. Scenarios of 50-100 MW underground fire development in a 400 m long tunnel
section with FDS modeling were studied. The paper presents the scenario of development analogical
fires and the dynamics of propagation of harmful factors in the main road tunnel. Both, normal and
fire ventilation are used for numerical simulations. Both types of ventilation, as already mentioned,
function with the semi-transverse principle. By using powerful mechanical exhaust through the
exhaust valves and flexible fire-proof ventilation barriers, it is possible to prevent the propagation of
smoke gases, thereby increasing the evacuation efficiency to save lives. The concept of critical velocity
through exhaust valves u,_,., =20 m/s was introduced to allow uniform consideration of cases under

similar conditions. Its critical numerical value satisfies inequation u_, , > 20 m/s with first appro-

ximation. The paper shows that flexible transformable barriers can prevent uncontrolled
propagation of combustion products along the tunnel path what must be considered when making
decisions about evacuating people from the disaster area. © 2022 Bull. Georg. Natl. Acad. Sci.

underground fire development, critical velocity, combined ventilation, backlayering, FDS simulation

The present paper considers a single-tunnel double-
roadway tunnel with two ventilation ducts installed
parallel to and isolated from each other in the tunnel
ceiling partition. A combined semi-transverse ven-
tilation system was used under standard conditions.
With this system, fresh air is supplied along the
tunnel by means of one of the ventilation ducts in a
transverse direction. For this purpose, exhaust
valves are provided on the bottom of the said ducts,

which is the ceiling of the road tunnel at the same
time. The polluted air under the same standard
conditions is discharged longitudinally through the
road tunnel using the tunnel driving portals. In this
case it is more or less possible to achieve greater
safety of the cross-ventilation system at a relatively
lower cost. This advantage is evident as the fire
ventilation starts.

© 2022 Bull. Georg. Natl. Acad. Sci.
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During fire ventilation, the supply of fresh air is
provided by the method described above. The air
saturated with combustion products is exhausted
through the second isolated duct located parallel to
the air supply duct. Meanwhile, the contaminated
air attempts to continue moving through the main
road tunnel by inertia. The task is to prevent the
movement of the contaminated air by artificially
increasing tunnel aerodynamic resistance in order
to enable people to evacuate without being caught
up by flue gases on their way in the main road
tunnel. Aerodynamic resistance of the tunnel is
artificially increased by a flexible fire barrier

protected by Georgian Patent [1].

Spread of combustion products in
underground space

Analyzing various scenarios of small fire
development on the horizontal tunnel model,
Thomas [2] noticed that combustion products
spread on both sides of the seat of fire. The distance
of propagation of combustion products in an
opposite direction, i.e. backlayering length gra-
dually decreased as the ventilation velocity inc-
reased, and at certain velocity, called critical
completely disappeared. In view of little fire
strength and air flow in Thomas’ experiments, the
assumption of equal mixing of fresh air and
combustion products was valid [3]. Based on this
assumption, Thomas also noted that -critical
velocity of 3 m/s for most tunnels was sufficient to
prevent backlayering. Critical velocities of the
same value are given in other works [4, 5] as well,
what in [6] was not applied to ventilation flows of
positive direction, but the very concept of critical
velocity is important for designing fire ventilation
systems, extinguishing fire and saving lives. We
use critical velocity and have determined its
numerical values for natural ventilation [7].

Critical velocity for horizontal tunnels is
calculated with formula
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where u, is critical velocity, m/s; k is propor-

tionality constant; g is gravitational acceleration,

m/s?; Q. 1is convective heat, kW; H is tunnel

height, m; P, is density of ambient air, kg/m?; C »
is specific air heat capacity, kJ/(kg.K); T is average
smoke temperature, K; and A is tunnel cross
sectional area, m?.

Proportionality constant is calculated with

critical Froude Number

k=Fr-"3. )
Critical Froude Number is caluclated with
formula
Fr, = 2080 3)
Polc

where Ap is the difference in densities of ambient

air and smoke, kg/m®. Other values are explained
above.

Convective heat emitted by fire is caluclated
with formula

0, = poc,u,AA. @)
where u, is initial velocity of longitudinal venti-

lation, m/s; AT is temperature difference between
smoke and ambient air, K.

Average smoke temperature is caluclated with
formula

0.
pocpAuC ’
where T, is temperature of ambient air, K.

T=T +

o

)

Other values are explained above.
Total fire strength is determined according to
convective heat with formula
0=1.430.. 6)
Length of backlayering is caluclated with for-

Ly _ Uy
E-lS.Sln( %) 7)

where in addition to the values explained above, L;,
is backlayering length, m; and u, is critical

mula

velocity in an inclined tunnel, m/s.
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Although the described fire ventilation plan
uses transverse rather than longitudinal exhaust of
polluted air, longitudinal movement of dirty air
through the road tunnel still takes place regardless
of the numerical value of classical critical velocity
u, (introduced by Thomas), because air continues
to move by inertia at the same or close to it velocity.

As for pressure change, it spreads at the speed
of sound what is important to obtain the results of
vigorous mechanical exhaust in fire exhaust valves.

This vigorous exhaust will reduce the numerical
value of critical velocity (u,) what will also reduce

the spread of harmful combustion products along
the tunnel roadway. This statement was confirmed
by the results of numerical modellings. The concept
of critical velocity through exhaust valves u, , -1
m/s was introduced to allow uniform consideration
of cases under similar conditions. Its critical
numerical value satisfies inequation u, , 5, M/s
with first approximation.

This inequation is valid both, for horizontal and
inclined tunnels.

FDS Modeling, Modeling Results and
Discussion

The research given in the present paper is based on
FDS modeling for a 400 m long tunnel section. The
cross-sectional area of the main road tunnel is
57.5m? The tunnel is equipped with semi-
transverse ventilation system. The cross section of
the standard ventilation duct is 8 m?. Exhaust valves
with a fixed cross section of 0.175 m? distanced by
I5m from one another are installed in the
mentioned duct. The valves supply fresh air to the
tunnel both,

operation and in case of fire. The total number of

in normal mode of ventilation

exhaust valves with fixed area of 0.175 m? for each
model is 26. Cross section of the fire ventilation
duct is 10 m?. There are fire exhaust valves with
fixed area of 8 m? distanced by 90 m from each
other at the bottom of the duct (i.e. in the road

tunnel ceiling). The total number of similar valves
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on each model is 5. In normal conditions the fire
exhaust valves are closed and tunnel is ventilated
with a classic semi-transverse plan: air is supplied
through the ventilation duct with fixed area of 8 m?
and with exhaust valves with fixed area of
0.175 m?, while dirty air is exhausted longitudinally
through the road tunnel. During fire, as noted
above, air supply plan does not change, but the
longitudinal exhaust pattern of polluted air is
changed by the transverse one. Transition to the
transverse plan is provided by opening fire exhaust
valves with fixed area of 8 m? and exhausting dirty
air through the fire duct. The schematic drawings of

the tunnel are given in Fig.1.

ey 2
£ ;
7 7 i — -
5 g E -
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-

Fig. 1. Numerical modeling plan: 1 —air-supply ventilation
duct (cross section: 8 m?); 2 — main road tunnel; 3 — pollu-
ted air exhaust duct (cross section: 10 m?); 4 — standard
exhaust valves (cross section: 0.175 m?, distanced by 15 m
from one another); 5 — fire exhaust valves (cross section:
8 m?, distanced by 90 m from one another); 6 — seat of fire;
7 — flexible fire-proof barrier lowered from the ceiling to
2m.

The paper presents the scenario of development
of 50-100 MW fires and the dynamics of
propagation of harmful factors in the main road
tunnel. Both, normal and fire ventilation are used
Both

ventilation, as already mentioned, function with the

for numerical simulations. types of
semi-transverse principle.

In order to apply the results of numerical study
in practice, several basic scenarios of fire
development were designed and realized: scenario
N1: fire occurs in terms of simultaneous operation
of standard and fire ventilation. The valve with a
cross-section of 8 m? necessary for fire ventilation
located left of portal at the distance of 90 m from
the seat of fire is open. In scenario N1, flexible fire

barrier is not activated.
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Scenario N2 repeats scenario N1 completely.
However, with scenario N2, in addition to an open
fire valve, a flexible fire barrier at distance of 94 m
from the seat of fire, left of portal is activated.

Scenario N3: during the fire the standard and
fire ventilation operate together; two valves needed
for fire ventilation are open. One of them is
activated at distance of 90 m from the seat of fire,
left of portal, and another — at distance of 109 m
from the seat of fire right of portal. One flexible fire
barrier is activated on each side of portals at both
ventilation valves, distanced from the seat of fire.

Each scenario had the following initial and

boundary conditions: standard ventilation and fire

20
Ventilation flow velocity at portal, m/s

ventilation modeling assumed 33% increase in air
volume due to increased volume of combustion
products so that the same velocities: 5, 10, 15 and
20 m/s are maintained in the fresh air supply and
polluted air exhaust duct in case of same ventilation
flow. Modeling time was 60 seconds. Such
configuration of initial and boundary conditions
allows assessing each scenario. As a result, the
features typical to the more realistic fire scenario as
compared to Thomas scenario, which, as mentioned
above, assumed a 100% increase in ventilation air
flow due to flue gases, were identified.

Fig. 2 and Fig. 3 show the results of realization

of scenario N1 in the main road tunnel on the
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Fig. 2. Variation of concentration of carbon monoxide on the right wing of the tunnel during the simultaneous action
of fire and standard ventilation when the seat of fire is not enclosed by a fire-proof barrier.
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Fig. 3. Variation of concentration of carbon monoxide on the left wing of the tunnel during the simultaneous action of
fire and standard ventilation when the seat of fire is not enclosed by a fire-proof barrier.
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example of propagation of principal harmful factor
— carbon monoxide (CO) for 50-100 MW fires.

Fig. 2 shows that for the initial conditions when
the critical exhaust velocity from the fire exhaust
valves satisfies condition u, ., =20 m/s, virtually
no propagation of flue gases occurs in the main road
tunnels beyond the activated fire exhaust valve.
This is particularly clearly seen on the right portal
side.

It should be noted that condition u, ., =20 m/s
is crucial for safe ventilation. The situation on
either side of fire is aggravated when fire
ventilation rate is low and does not exceed 15 m/s
in fire exhaust valves and polluted air exhaust duct.

For quick and efficient localization of flue gases
emitted by fire, the method provided by Georgian
Patent P 2022 7371 is proposed. The method
implies installation of fire-proof barriers near fire
valves in a certain way and actuating them at the
right time. In particular, a flexible transformable
fire barrier in scenario N2 is installed near the fire
valve left of portal in 4 m (94 m from the seat of
fire). As a result, it prevents the propagation of flow
induced by fire beyond the barrier by inertia.

Fig. 3 shows a situational picture of fire deve-

lopment when a 2-meter-high fire-proof barrier is

= =
B
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o

Propagation front of harmful factors,m
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Ventilation flow velocity at portal, m/s

suspended from the tunnel ceiling near the fire heart
left of portal, in 4 m from the valve.

Fig. 3 shows that near the active fire valve
installed 94m left from the seat of fire, ventilation
conditions between the barrier and the left portal
improved following the activation of the fire-proof
barrier. In particular, the propagation of harmful
factors in the barrier action zone was hampered. On
other side of fire without such a barrier the situation
virtually did not change compared to scenario N1.

Thus, the effectiveness of the fire-proof barrier
is obvious compared to condition u,,, >20 m/s
even for lower exhaust rates. In particular, for
velocities 10 and 15 m/s, the propagation of fire
flows was limited by the location of the installed
fire barrier (94 m).

The results of scenario N2 were taken as
baseline and used to develop scenario N3 when a 2-
meter-high fireproof barrier was suspended from
the road tunnel ceiling, at active (open) fire valves
on both sides of fire. The obtained results are shown
in Fig. 4.

As Fig. 4 shows, the barriers are located at
corresponding fire valves at distance of 94 m left
and 109 m right of the seat of fire. Depending on
modeling results, at exhaust rates of 15 and 20 m/s

= 100 MW
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= 80 MW
70 MW
= 60 MW
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50 MW
60 MW
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soMwW

Fig. 4. Left tunnel wing with an open fire valve at 94 m from the seat of fire bordered by flexible barriers from both

sides.
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in fire valves, propagation of flows induced by fire
was completely limited to distances specified by
the fireproof barrier of 94 m and 109 m, while at
critical numerical value u, ., > 20 m/s and at much
lower velocities of 5 and 10 m/s, the propagation of
combustion products was inhibited only partially.
In particular, at velocity of 10m/s, fire was
propagated beyond the barriers in both directions of
fire at distances of 113 and 120 m, in each direction
respectively. At velocity of 5m/s, the harmful
factor was propagated to distances of 147 m and
151 m, respectively.

The action of fire flows considered in the
presented problems is largely determined by the
exhaust rate of ventilation flow in fire valves (or
about by same order of air velocity at portals of
both ducts), fire strength and backlayering length of
combustion products. The obtained results in
Figures 3 and 4 are generalized for 50-100 MW
fires. The Figures above show the variance of
propagation front of harmful factors depending on
flow velocity at the portals of the ventilation ducts.

The Figures show that the use of flexible bar-
riers reduces the distance of propagation of combu-
stion products from the seat of fire by at least 10%
for any fires considered. Barrier efficiency is obvi-
ous when the barrier is installed on both sides of

fire in the open fire valves impact zone, near them.

Bull. Georg. Natl. Acad. Sci., vol. 16, no. 4, 2022

Conclusions

1. Flexible transformable barriers, artificial
increase of tunnel aerodynamic resistance by partial
overlapping the cross section of roadway and
additional intense air exhaust in ventilation valves
make it possible to prevent uncontrolled
propagation of combustion products (harmful
factors) along the tunnel carriageway.

2. For the specified tunnel geometry, fire and
standard ventilation technology, it is possible to
control the process of toxic gas propagation and
localize them to the impact zone of fire valves near
the seat of fire by activating fire valves at 90-110 m
from the seat of fire and barriers installed near them
for 50-100 MW fires.

3. Threshold values of all harmful factors
increase in the localization area surrounded by
barriers what should be considered by tunnel
operators when making decisions on the evacuation

of people from the disaster zone.

This work was supported by Shota Rustaveli
National Science Foundation of Georgia (SRNSF)
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