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Abstract: The issue of airflow dynamic in a road tunnel is considered in this study and its impact
on smoke management and people safety is highlighted. It was an attempt to estimate the time
needed to reach a final steady state of airflow when the operation mode of jet fans was switched.
The numerical model of the tunnel was solved with the use of Ansys Fluent. To reproduce the decrease
of atmospheric pressure with height, relative static pressure was applied using UDF (User Defined
Function). The ambient weather conditions were taken into account as well. The wind influence
was introduced by the additional component of dynamic pressure applied against one of the tunnel
portals also using UDF. There are some theoretical foundations of airflow in a tunnel presented in
this paper. The obtained results were compared with the measurements carried out in a real road
tunnel and the results obtained while applying the above-mentioned physical model. The main
contribution of the presented work is the indication of a relatively high relaxation time of airflow in
a tunnel, which could be important when designing the emergency pattern of a ventilation system.
Additionally, some considerations of kinetic energy exchange between fan jet and air volume would
be helpful when choosing fans for ventilation systems being designed.
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1. Introduction

Road tunnels have become a regular component of the transportation network. They are built
in cities to facilitate urban transport as well as in mountain areas to eliminate the need for a detour.
Tunnels are commonly equipped with a number of systems to ensure their safe use and, in case of fire,
to support the evacuation. It concerns especially tunnels longer than 400 m, the detailed standards
depend on the tunnel type, its localization and traffic intensity [1].

Considering people safety, a road tunnel is a specific part of the road network. The lack of
crossroads, the commonly limited speed, the independency of weather conditions and the lack of
pedestrian traffic participants cause accidents to occur rather less often than anywhere else. But if
an accident happens its consequences can be much more severe. It is mainly because of the limited
space and difficult evacuation. The biggest danger in such circumstances is a fire outbreak. A fire
outbreak causes the appearance of flames, high temperature and smoke. A main deadly factor is
smoke, which contains a mixture of toxic gases [2]. Large amounts of smoke additionally worsen
visibility which can hinder evacuation [3]. In the vicinity of a fire source, the smoke is hot and can
cause burns. Thus, the main challenge for a tunnel ventilation system is to force smoke to move in the
desired direction providing the possibility of safe evacuation for people from the tunnel. As a rule,
in the case of tunnels with a longitudinal ventilation system, the emergency operation pattern assumes
forcing the smoke movement towards the nearest portal in such a way to avoid the smokiness of a
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whole tunnel. Therefore, it is most important that the ventilation system is able to force the smoke
movement in desired direction and with precisely determined velocity, called critical velocity [2].
Accurate determination of the value of critical velocity is a very important issue: it cannot be too low
because it would not be able to force the desired flow direction, it cannot be too high as well because it
would induce the fire growth, especially for HGV fires [4,5]. It could also disturb the stratification of
the layers of clear air and smoke [6,7].

The longitudinal ventilation work plan presented above applies to a unidirectional tunnel. In this
case the cars get stuck on one side of the fire. There are no cars, then there are no people on the other
and the fans can force a flow of smoke in that direction. In a bidirectional tunnel the situation is more
complicated. The cars and the people are on both sides of the fire. In the first period of time after the
fire outbreak, the mechanically forced flow of air rather should not be generated in order to maintain
the natural stratification of smoke. This will allow people to leave the tunnel by themselves. After the
period of self-evacuation, axial fans should engage in the assumed working direction [2,8]. However,
some studies suggest switching on the ventilation system with low velocity immediately even in such
situation to sustain the airflow, because the benefits outweigh the undesirable effects [6]. The design of
the ventilation system is then dependent on whether the tunnel is bi-directional or unidirectional.

In general, there are two modes of operations of a fire ventilation system. The first one lasts about
15 min after activation and supports the self-rescue and evacuation of people in the tunnel. When the
air flow is forced, the air velocity is determined by the critical velocity proper for a given tunnel and the
direction of the airflow should facilitate self-evacuation. The second mode of fan operation involves
the work of rescue teams. Depending on the decision of the rescue team chief, the air velocity can be
increased, the airflow direction could be reversed as well in this mode [2].

It is assumed that longitudinal ventilation in the tunnel should achieve full operational regime
within a maximum of 180 s from activation. However, for reversible fans, full rotation reversal should
occur after 90 s [8]. The time it takes the fans to reach full operational mode is very important for the
proper planning of smoke management. It is because the spread of smoke at both sides of the fire is
significantly greater for a longer fan response time. Hot smoke layers were observed to spread about
500 m during the initial 2 min of a fire [8]. In light of the fact that the conditions inside a tunnel are
getting worse and worse very quickly the time factor is crucial, therefore the transient analyses of
airflow seem to be important.

The analyses of both natural airflows and forced airflows in a tunnel can concern not only static
characteristics but dynamic characteristics as well. As was mentioned above, the time factor is crucial
in the case of fire in a tunnel [9–11]. Examining steady states of airflow is obviously important when
considering the normal operation of the tunnel and its systems, but there are situations when the time
factor begins to play the uppermost role. Meanwhile, achieving the desired steady airflow rate requires
at least a few minutes [12,13]. Such delay could be of key importance form the point of view of people
safety. The safety procedures in tunnels often assume that the desired results will appear practically
immediately. The time needed for achieving the desired air velocity in a tunnel besides the impact on
evacuation strategy will also influence the activation time of fire-fighting systems [14]. That issues of
airflow dynamic in tunnels are not often considered despite their importance is widely emphasized.
There were attempts at building mathematical models, which would allow for determination of
airflows in a tunnel, especially in the case of a rapid change of conditions, for example fire outbreak
or piston effect [15]. Numerical analyses of the development of fan jets dependent on the distance
from the fire source were also conducted [16]. The change of conditions in a tunnel, especially the
change of airflow direction in the case of fire, depending on the working fans mode, was also the
subject of research [17]. There is a lot of work devoted to the dynamics of fans in tunnels that are part
of mines [18,19].

The tests, briefly described above, are usually performed as numerical analyses. Since large
scale experiments in real road tunnels are difficult to undertake, numerical simulations are commonly
applied [20–22]. Fire Dynamic Simulator (FDS) [23–25] and Ansys Fluent [26] are mostly applied
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nowadays for numerical simulations of fire ventilation operation and air behaviour during a
fire. Ang used FDS to conduct a two-stage research project on airflows in transport tunnels [27].
The backlayering effect (smoke flow against airflow direction in longitudinal ventilation systems),
resulting from varying air velocity and the heat release rate (HRR) of the fire, is also simulated by FDS.
This phenomenon is strongly disadvantageous for the operation of fire ventilation systems [16,28].
Li also used FDS and carried out research into the plug-holing phenomenon, which leads to a decrease
in the smoke venting process [29]. Yao used FDS to examine the influence of the angle of shaft
inclination on the efficiency of the transverse ventilation system [30]. FDS was also applied to analysis
of the natural stack effect and the role of different locations of vertical exhaust ducts on ventilation
efficiency [31,32].

Ansys Fluent is the next program that is commonly applied for numerical simulations and further
analysis of tunnel ventilation operations. Ansys Fluent is more complex than FDS, especially taking into
account construction of geometry and available physical models. Because of the enhanced possibility of
geometry modelling mentioned earlier, Ansys Fluent provides the ability to perform simulations on the
effect of the fan deflector incline upon the velocity distribution within a tunnel [33]. The performance
analyses of “Banana jet fan” under different intensities of traffic in a tunnel were also carried out [34].
Ansys Fluent was also applied for determining the role of the tunnel gradient on critical velocity
(minimal velocity assuring smoke clearance) [35,36]. Transient analyses carried out using Ansys Fluent
can be the basis for an optimized solution for smoke exhaust [37]. Since numerical simulations often
come with a long computing time, multi-scale models are starting to play an important role [14,38].
These permit a significant reduction in computing time. The concept of the multi-scale model is
based on the application of different levels of precision for the various zones of a tunnel. Those zones
laying near a fan are described by a 3D model and more distant parts are described by a 1D model.
The same concept was utilized by Musto, who conducted numerical simulations in a scaled model
of a tunnel [35,39]. He compared the results obtained in the scaled model and a real one for single
component of velocity and temperature distribution.

Regardless of the used CFD software, the main issue when modelling airflow in a tunnel is
validation of a numerical model. Therefore, any real data obtained during full-scale measurement are
valuable for community of scientists dealing with tunnel ventilation and smoke removal systems [11].

In the presented work, the basic features of airflow dynamics in a road tunnel are discussed.
There are some theoretical aspects considered at the beginning. Then the simplified numerical model
of a road tunnel is presented, and the obtained results are compared with the real data recorded in the
tunnel under Martwa Wisła river in Gdańsk. Full-scale measurements in the tunnel under Martwa
Wisła are briefly presented.

2. Overall Theoretical Considerations of Airflow in a Tunnel

The axial fan operation in a tunnel causes air flow. In turn, the airflow in a tunnel can be simply
considered as the air movement in a tube. It is known that the air flowing in a tube causes a pressure
drop, which is described by the phenomenological Darcy–Weisbach formula:

∆p = λ
ρv2L
2Dh

(1)

where:
λ—Darcy friction factor,
ρ—fluid density,
L—tube length,
v—flow velocity,
Dh—tube diameter.
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If a tube is of non-circular cross-section, the equivalent hydraulic diameter should be used:

Dh =
4A
P

(2)

where:
A—area of tube cross-section,
P—tube perimeter.
The value of the Darcy friction factor λ strongly depends on wall roughness and on the Reynolds

number, then indirectly on flow velocity. This indirect dependence is rather weak [40,41].
Darcy–Weisbach law means also that a pressure rise ∆p must be applied to force given air

velocity v. Pressure difference between portals is equivalent to the existence of a force: F = A∆p. For
stable weather conditions the air density can be here treated as constant—the changes of temperature
and pressure are negligible. Having this all in mind and putting all constants together one can write
down the dependence between this force and flow velocity (C is a constant):

F = Cv2 (3)

This above is valid for steady state. If an unsteady case is considered the formula should by
modified as follows (m denotes the mass of the whole air being accelerated or decelerated, it could be
also regarded as constant):

m
dv
dt

= F− sgn(v)Cv2 (4)

v(0) = v0 (5)

The force F can represent any factor forcing the air flow: natural draught effect or fan thrust.
The term sgn(v) is necessary because any resistance acts always against the flow and the information
on flow direction is lost due to squaring of air velocity. Under the absence of natural draught there are
two sub-cases to be separately considered:

1. At the moment a fan stops—the air moves slower and slower until it stops at all (F = 0, v0 > 0).
2. At the moment a fan starts to operate—the force is equal to fan thrust (F = ±TF), the initial

velocity is given and can take any value. In normal mode of fans operation (+) the air begins to
move faster and faster until the velocity defined by Equation (1) is reached. In the reverse mode
(−), the air will slow down first, then it will be accelerated in the opposite direction until reaching
the final velocity.

In the first case the sgn(v) term can be omitted because the air velocity will never change direction.
Thus, the solution is expressed by a simple formula as follows:

v(t) =
1

1
v0

+ C
m t

(6)

The solution for the second case cannot be expressed explicitly due to sgn(v) term. As will be
stated below all measurements have proven the existence of almost permanent strong natural draught.
Therefore, the term F was never equal to 0 and all discussed real measurements correspond to this
case. In such situation Equation (4) was solved iteratively after rewriting into the form:

dv =
F
m

dt− sgn(v)
C
m

v2dt (7)

v(t + dt) = v(t) + dv, v(0) = v0 (8)

This algorithm allows determination of the dynamic of air velocity under any conditions. All the
data required are the values of C and m, which can be regarded as constant for given tunnel and value
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of F, which is a combination of fans thrust and natural draught. Just in the rare case of the relaxation
of air flow in the absence of a natural draught the expression 6 can be used.

Energy Balance

Considering the phenomenon of a fan jet dispersing in a bulk of air in a tunnel one should notice
that the total momentum must be conserved, but the energy of the fan jet is mainly dissipated. This is
similar to a totally inelastic collision of two bodies.

If the mass flow rate of jet fan is mF per second and its velocity vF, the momentum pF generated
per second is then equal to:

pF = mFvF (9)

Let us assume the air velocity in the tunnel is equal to v. If there was no flow resistance, the
velocity of air in the tunnel would increase by ∆v. Because of the total momentum should be conserved,
one can write:

mFvF + mv = (m + mF)(v + ∆v) (10)

But having in mind that mF << m the increase of air velocity in a tunnel can expressed as follows:

∆v =
mF
m

vF (11)

Taking this into account the increase of kinetic energy of whole air in the tunnel per second would
be:

∆EkT =
m(v + ∆v)2

2
− mv2

2
= mFvFv +

m2
Fv2

F
2m

(12)

This is the mechanical energy transferred, the remainder was dissipated when mixing with air in
a tunnel. Actually, in steady state due to flow resistance the calculated above amount of energy is also
lost. Taking into account Equation (3) the power of the resistance forces (PR) can be expressed as:

PR = Cv3 (13)

Both values (Equations (12) and (13)) should be equal when the steady state is reached.
Some complexity is added by the existence of the natural draught because its power must be also taken
into account. The power generated by natural draught should be added to the fans power when they
act in the same direction and added to the power of resistance forces when fans work contrary to the
natural draught.

The total kinetic energy of fan jet per second can be expressed as:

EkF =
mFv2

F
2

(14)

When comparing this with Equation (12) one can calculate the fraction of kinetic energy of a fan
jet which is transferred to keep the air in a tunnel moving:

η =
∆EkT
EkF

= 2
v

vF
+

mF
m

(15)

The calculation showed this was a minor fraction (about 20% in considered case) of the kinetic
energy of the fan jet. The efficiency of energy transfer can be increased by applying fans with lower
outlet velocity, but this would require significantly larger fan diameters and would be impractical.
This formula remains valid as long the mass of air accelerated by a fan per second is negligible in
comparison with the total mass of air in a tunnel, what requires fan outlet velocity significantly higher
than the velocity of main flow.
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3. Experiments in a Real Tunnel

3.1. Tunnel Description

The described tests took place in the night 10/11 June in the tunnel under Martwa Wisła river in
Gdańsk. Total length of the tunnel is 1378 m. The tunnel consists of two tubes for two directions of the
traffic. The tubes are linked every 170 m by evacuation exits. The height of each tube is 7.03 m and the
width is 10.09 m. The tunnel goes from south-east to north-west. The deepest point is approximately
in half length of the tunnel (33 m under the river surface). Thus, the tunnel is inclined: inclination
towards north-west direction is 4% and towards south-east is 3%. The tunnel is equipped mainly with
longitudinal ventilation system. It is operated by 11 axial jet fans in each tube. They are mounted
individually under the ceiling every 95 m. Jet fans are reversible, their normal work direction is the
same as the traffic direction. In the tube in which the study was conducted, the normal flow direction
was from N-W to S-E in compliance with traffic direction. The nominal thrust of each fan is 1200 N.
There are additional air supply vents placed just above the street surface.

Figure 1 shows the fans and the measurement gauges. The appliances involved in the described
below experiments are marked by dotted boxes.
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3.2. Measurements

The air velocity is recorded by automatic devices mounted in the tunnel—4 instruments
FLOWSIC200 made by SICK Sensor Intelligence. The measuring range was from −20 m/s to +20 m/s.
The accuracy was ±0.1 m/s and the active measuring path was 5 to 25 m. The devices were located at
the distances 315 m (W1), 505 m (W2), 790 m (W3) and 980 m (W4) m from N-W portal respectively
(Figure 1). They were mounted at the height 5 m, just under the ceiling.

Meteorological conditions were measured by two weather stations installed near both portals
of the tunnel. Both stations were produced by the Lufft UMB Sensor. The first station is located
at a distance of 206 m from SE portal. The second station is located at a distance of 397 m from
NW portal. The distribution of wind sensors (at a height of 7.0 and 11.0 m) allows for reliable
measurements of wind speed and direction outside the tunnel. Fan performance should not be affected
by these measurements. Temperature and pressure are measured by the Lufft WS400-UMB module.
For temperature, the measuring range was from −50 to 60 ◦C and accuracy was ±0.2 ◦C. For air
pressure, the measuring range was from 300 to 1200 hPa and accuracy was ±0.5 hPa. Wind speed
and direction was measured by means of Lufft WS200-UMB—Ultrasonic Wind Sensor and Electronic
Compass. For wind direction, the measuring range was from 0 to 359.9◦ and accuracy was <3◦,
RMSE > 1.0 m/s. For wind speed, the measuring range was from 0 to 75 m/s and accuracy was
±0.3 m/s or 3% (0 . . . 35 m/s).

4. Numerical Model of the Tunnel

Using Ansys Workbench platform (Ansys, release 14.5), a numerical model of the tunnel was
built [26]. The model does not take into account the curvature of the tunnel, diminishing the
computational complexity of the problem by introducing a symmetry plane (Figure 2).



Energies 2018, 11, 1759 7 of 15

Energies 2018, 11, x FOR PEER REVIEW    6 of 15 

 

normal flow direction was from N‐W to S‐E in compliance with traffic direction. The nominal thrust 

of each fan is 1200 N. There are additional air supply vents placed just above the street surface. 

Figure 1 shows the fans and the measurement gauges. The appliances involved in the described 

below experiments are marked by dotted boxes. 

 

Figure 1. The overall sketch of the tunnel. 

3.2. Measurements 

The  air  velocity  is  recorded  by  automatic  devices  mounted  in  the  tunnel—4  instruments 

FLOWSIC200 made by SICK Sensor Intelligence. The measuring range was from −20 m/s to +20 m/s. 

The accuracy was ±0.1 m/s and the active measuring path was 5 to 25 m. The devices were located at 

the distances 315 m (W1), 505 m (W2), 790 m (W3) and 980 m (W4) m from N‐W portal respectively 

(Figure 1). They were mounted at the height 5 m, just under the ceiling. 

Meteorological conditions were measured by two weather stations installed near both portals of 

the tunnel. Both stations were produced by the Lufft UMB Sensor. The first station  is  located at a 

distance of 206 m  from SE portal. The  second station  is  located at a distance of 397 m  from NW 

portal.  The  distribution  of  wind  sensors  (at  a  height  of  7.0  and  11.0  m)  allows  for  reliable 

measurements  of wind  speed  and  direction  outside  the  tunnel.  Fan  performance  should  not  be 

affected by these measurements. Temperature and pressure are measured by the Lufft WS400‐UMB 

module. For temperature, the measuring range was from −50 to 60 °C and accuracy was ±0.2 °C. For 

air pressure, the measuring range was from 300 to 1200 hPa and accuracy was ±0.5 hPa. Wind speed 

and  direction  was  measured  by  means  of  Lufft  WS200‐UMB—Ultrasonic  Wind  Sensor  and 

Electronic Compass. For wind direction, the measuring range was from 0 to 359.9° and accuracy was 

˂3°, RMSE ˃ 1.0 m/s. For wind speed, the measuring range was from 0 to 75 m/s and accuracy was 

±0.3 m/s or 3% (0…35 m/s). 

4. Numerical Model of the Tunnel 

Using Ansys Workbench platform (Ansys, release 14.5), a numerical model of the tunnel was 

built  [26].  The model  does  not  take  into  account  the  curvature  of  the  tunnel,  diminishing  the 

computational complexity of the problem by introducing a symmetry plane (Figure 2). 

 

Figure 2. Numerical mesh of the tunnel model. 
Figure 2. Numerical mesh of the tunnel model.

The numerical model was solved with the use of Ansys Fluent. Tunnel portals were modelled as
pressure boundary conditions: portal N-W was set as “pressure-inlet”, portal S-E as “pressure-outlet”.
To reproduce the decrease of the atmospheric pressure with the height the relative static pressure was
applied using UDF (User Defined Function), which implements the formula:

p(z) = −ρgz (16)

The wind influence was taken into account by the additional component of dynamic pressure
applied against the N-W portal according to the expression (implement by the UDF as well):

pdyn =
ρv2

wind
2

(17)

The examined tunnel is long and should be regarded as a pipe, thus the k-omega turbulence
model was chosen due the best reproduction of the flows in the vicinity of walls. The details of the
tunnel infrastructure like lamps, sensors, cables and so on were taken into account by an equivalent
wall roughness equal to 0.1 m, while the roughness constant was set to 1. These values were tuned by
a trial and error method. The details of the numerical models are shown in Table 1.

Table 1. Numerical model summary.

Feature Value

Turbulence model k-omega SST
Fluid material Air (ideal gas)

Operating pressure 10,325 Pa
Temperature 288 K

Gravitational acceleration 9.81 m/s2

Solver Pressure based
Calculation mode Transient

Time step Adaptive (0.01–0.1 s)
Pressure/velocity coupling Simple

Under-relaxation factors Pressure 0.3
Momentum 0.5

Energy 0.95
Others Default

Wall and ceiling roughness 0.1 m
Roughness constant 1.0

Floor roughness 0.002 (natural roughness of tarmac)
Roughness constant 0.5 (default)
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Mesh Sensitivity

The applied k-omega SST turbulence model belongs to RANS (Reynolds Averaged Navier-Stokes)
family of turbulence models. Flow solutions obtained using these models are claimed to be dependent
on applied numerical meshes. The numerical mesh used here was prepared with the cut cell assembly
meshing method, which allowed for an almost regular grid. For better reproduction of the flows near
the tunnel walls, 5 inflation layers at boundaries were added (Figure 2). The orthogonal mesh quality
was 0.29, meanwhile the minimal recommended was 0.1 [26]. The preliminary tests were carried out
to adjust the mesh density. Three different numerical meshes were used. The average air velocity
at the cross-section in the middle of the tunnel length was adopted as the result of the calculations.
Additionally, the vertical velocity profile at the symmetry axis of this profile was taken into account.
The tests were carried out for steady calculations mode for fan in Section 1 switched on in normal
direction. The quality of the obtained results was assessed by balancing the mass flow rates through
tunnel portals: in steady state the sum should be equal to zero. Table 2 shows the short overview of the
meshes, it also contains the mass flow rate balance. The values of the maximum edge length concern
the elements in the bulk, the height of the elements in boundary layers was much smaller. Figure 3
presents the vertical profiles of air velocity calculated for those three meshes.

Table 2. The overview of the test meshes.

Mesh No. of
Cells

No. of
Nodes

Maximum Edge
Length [m]

vavg
[m/s]

Mass Flow Rate [kg/s]

PN-W PS-E Σ %

Coarse 108,034 114,589 1.1 3.07 114.279 −114.283 0.004 0.004
Medium 334,927 351,323 0.8 2.98 111.424 −111.426 0.002 0.002

Fine 395,767 417,586 0.5 2.97 104.540 −104.540 0.000 0.000
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As can easily be seen, meshes medium and fine gave almost the same results; thus, the preliminary
tests proved that the results could be regarded as reliable and there was no need to use the more
dense meshes. As flows were balanced accurately just for the fine mesh, this mesh was applied for
successive calculations.
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5. Results

During the measurements, the weather conditions were monitored at both portals. Table 3
presents the data recorded at two time moments. Wind direction 0◦ (or 360◦) denotes wind from North,
180◦ denotes wind from south.

Table 3. Recorded weather conditions.

Time 2:30 4:00

Portal N-W S-E N-W S-E
Wind velocity [m/s] 2.3 3.6 2.4 2.3
Wind direction [◦] 267.8 284.5 268.2 258.3

Air temperature [◦C] 13.0 12.7 12.6 12.4
Pressure [hPa] 1020.7 1019.5 1020.6 1019.4

The tests included some configurations of switched on fans. After each change of the fans’
configuration, the air velocity was continuously monitored until it became stable. The additional air
supply vents were closed. The tests summary is presented in Table 4. The values of air velocity recorded
by W2 gauge are taken into account; each value is averaged in the period of 15 min. Fans operation
modes are described using the identifiers of switched on fans (according to the Figure 1) and the
working direction. Mode “0” means no fan was switched on.

Table 4. Stable average air velocity for different configurations of fans.

Fans Operation Mode

“0” “1 norm” “1 rev” “1, 2 rev” “9, 11 norm”

W2 [m/s] 1.24 2.93 −1.01 −2.45 4.09
Std. dev. [m/s] 0.04 0.09 0.1 0.08 0.11

At the first stage of the research the dependence of average air velocity on total fans thrust was
checked. The data points from Table 4 were plotted and the linear regression line was determined
(Figure 4).
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The regression line should correspond to Equation (3). The value of C coefficient is equal to
210 ± 23 [Ns2/m2]. As it can be seen the regression line fits the data points very well (R2 = 0.964),
but is shifted down. It is because a strong natural draught was observed during the measurements in
the tunnel. Such natural airflow appears due to wind and natural stack effect. The value of this shift is
834 ± 206 N, what corresponds to pressure of 13.1 Pa (the area of the tunnel cross-section A is equal to
63.6 m2). This factor forcing natural airflow is called natural ventilation pressure—NPV [42].

In the next step, there was an attempt to check the energy balance for all steady states with fans
switched on. Natural ventilation pressure was taken into account as an additional energy source,
which power (PNPV) is expressed as:

PNPV = A·NPV ·v (18)

Then according to Equation (12) the mechanical energy transferred from fan jet to air in the tunnel
and energy loss due to flow resistance (Equation (13)) were calculated and compared. The energy
generated by NPV was added to the energy of fan jet for normal mode and added to the energy of
resistance forces for reverse mode. The total mass of air taking part in the movement was roughly
estimated as tunnel volume multiplied by air density. Values of constants C and NPV were taken from
above regression data. The results are shown in Figure 5. As both values are expected to be equal the
equation of the trend line should be should be like y = x.
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Due to rawness of the model there are significant discrepancies visible. But the regression line fits
the points quite well, and the regression coefficient is very close to unity. It supports the presented
conclusions on the energy balance of a fan jet. Finally, the whole kinetic energy provided by fans is
dissipated, but the relevant temperature increase is immeasurable under conditions of the experiment
in a real road tunnel.

At the last stage of the presented study the transient processes were examined: the calculated air
velocities were compared to the measured ones. Three cases were considered:

1. Fan no 1 was switched on in the normal mode—the air velocity started to increase from state “0”
to state “1 norm”.

2. Fan no 1 was switched on in the reverse mode—the air velocity started to decrease from state “0”,
changed its direction and finally reached state “1 rev”.
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3. Fan no 1 was switched off from the normal mode—the air velocity started to decrease from state
“1 norm” to state “0”.

These cases are shown in Figures 6–8. Additionally, the theoretic curves governed by Equation (4)
are presented. The dynamic of air movement in all cases was determined here using the algorithm
described by Equations (7) and (8). It is because of the permanent presence of natural draught in
the tunnel, so the term expressed by F was never equal to 0. The total mass of air taking part in
the movement and values of constants C and NPV were adopted as previously and tuned in the
allowed range.Energies 2018, 11, x FOR PEER REVIEW    11 of 15 
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It can be noted that the numerically calculated values fit the measurements rather well. A larger
deviation can be observed for theoretical curves for cases 2 and 3. In the case 2 finally all curves
converged. In turn, in case 3, the shape of all curves is similar, but the final value of theoretically
calculated velocity is too high. These discrepancies might be caused by the simplicity of the theoretical
model and the coarseness of estimation of total air mass moving in the tunnel. The reason of visible
discrepancies between measurement and numerical model can be a result of variable conditions at
tunnel portals. Value of dynamical pressure introduced into model, which related to wind impact was
constant and was calculated taking into account the averaged measured wind velocity, meanwhile
random gusts obviously took place during the experiment.

It can be observed that despite these discrepancies the measurements and both models led to the
same time needed to reach the final steady state of airflow: 4 min in case 1, 6 min in case 2 and 5 min
in case 3.

6. Conclusions and Discussion

The most important remark is that the time of the airflow relaxation is rather long—it is
approximately a few minutes for all examined cases. While, as was mentioned in the Introduction
section, the recommended time for achieving full capacity should not exceed 180 s [8]. This delay might
be very important when considering the management of smoke in emergency conditions. Therefore, the
discussed issue should be taken into account when designing the operation pattern of the ventilation
system. The suggested way is to switch on a bigger number of fans at the beginning, which will force
the desired airflow quickly. Then some of fans could be switched off. As the disturbance of natural
stratification of smoke and air should be avoided each of these cases should be independently analysed.

Some ideas based on Equation (15) can also be applied to improve the efficiency of kinetic energy
exchange between fan jet and air volume in a tunnel. It would require fans with smaller outlet velocity
but much bigger diameter to keep the needed momentum transfer rate (fan thrust). It is because the
product of the area of a fan outlet and square of the outlet velocity should be the same. Under such
assumptions the fan diameter is proportional to the inverse of outlet velocity. The lower the assumed
outlet velocity, the lower the energy of fan jet is while the efficiency of the momentum transfer remains
the same. However, this is limited by reasonable fans dimensions or fans number.
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Because the dynamic of airflow in a tunnel strongly depends on tunnel length, cross-section
area, inclination, curvature and properties of mounted fans the analyses similar to the presented ones
should be ever carried out. The rough estimation of airflow relaxation time can be done according to
presented algorithm (Equations (7) and (8)).

One should have in mind that in a case of fire outbreak the structure of airflow in a tunnel
would be altered. The buoyancy forces, which depend on the fire power should be also taken into
account. The properties of air such as density and viscosity would be different as well due to high
temperature. More importantly, the fluid filling the tunnel bulk should be no longer be regarded
as homogenous. However, despite the above remarks, the overall conclusions concerning airflow
relaxation are expected to remain the same. This is because the main factors taken into account here
keep their roles, unless extremely high fire power is considered (many vehicles on fire or fire of an
HGV with a flammable load).

As every road tunnel has its own characteristics, this all would require deep consideration
for each fire scenario additionally taking into account variable weather conditions. Only then, the
appropriate emergency patterns for a fire ventilation system could be designed. But that is just the
numerical analysis to be regarded as the most suitable tool for analysing the dynamic of airflow in
tunnels. It particularly concerns more complex cases of tunnels with junctions and entrance ramps,
where a simple model cannot by applied. Similarly, different fire locations and fire powers should be
considered. However, one should have in mind that numerical models ought to be validated with real
data, at least partially.
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13. Šulc, J.; Ferkl, L.; Cigler, J.; Pořízek, J. Optimization-based control of ventilation in a road tunnel complex.
Control Eng. Pract. 2017, 69, 141–155. [CrossRef]

14. Colella, F.; Rien, G.; Verda, V.; Borchiellini, R. Multiscale modeling of transient flows from fire and ventilation
in long tunnels. Comput. Fluids 2011, 51, 16–29. [CrossRef]

15. Šulc, J.; Ferkl, L.; Cigler, J.; Záparka, J. Model-based airflow controller design for fire ventilation in road
tunnels. Tunn. Undergr. Space Technol. 2016, 60, 121–134. [CrossRef]

16. Gannouni, S.; Maad, R.B. Numerical analysis of smoke dispersion against the wind in a tunnel fire. J. Wind
Eng. Ind. Aerodyn. 2016, 158, 61–68. [CrossRef]

17. Se, C.M.K.; Lee, E.W.M.; Lai, A.C.K. Impact of location of jet fan on airflow structure in tunnel fire.
Tunn. Undergr. Space Technol. 2012, 27, 30–40. [CrossRef]
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