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ABSTRAKT

Ventilace je jednim z nejdezitejSich bezpenostnich prvik v silni¢nich tunelech. Jedna se
0 nezbytné op&tni v gipad vzniku pozaru, nelibhraje dilezitou roli v gipact evakuace.
Systémy ventilace v silémich tunelech jsou primatrurceny proiizeni Steni koue v gipad
pozaru ataké se jedna &inny nastroj pro redukci zasteni uvnitt tunelu.Clanek popisuje
navrh algoritnd ventilace budovaného tunelového komplexu Blank&raze, Ceské
republice, ktery se po svém dokeni stane neftSim méstskym silnénim tunelem ve #tdni
Evrope s celkovou délkouies 5 kilometh. Systém ventilace tunelu je pdme slozity a je
sloZzen ze dvou podsystéra podéiny a fi¢ny. Clanek prezentuje navrtizeni jak poZarni,
tak provozni ventilace,fgemz navrh obou regulatoje navrzen na zaklédzjednoduSenych
matematickych modél Optimalizace speé¢by elektrické energiechem provozu je nezbytna
z davodu vysokych pedpokladanych provoznich nakiad

ABSTRACT

Ventilation is one of the most important safetynedmts in road tunnels. It is a necessary
measure in the case of fire, as it plays an imponale during a fire evacuation. Primarily,
ventilation systems in road tunnels are intendedte control of smoke propagation in the
case of fire, and secondly, they are powerful todllilute the pollution of car exhaust gases
inside the tunnel. The paper describes the desigventilation control algorithms in the
constructed Blanka tunnel in Prague, Czech Repulhech will be the largest city tunnel in
Central Europe with the total length over 5 km. Tpeper presents the design and the
implementation of both fire and operational venitdla control. The design of both controllers
is based on simplified mathematical models of @wflvelocity and pollutant concentrations.
Energy consumption optimization during the operatie necessary because of high
anticipated operating costs.
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1 Introduction

After fire catastrophes in road tunnels in 1999 ¥Blanc tunnel — 39 deaths, Tauern
Road tunnel — 12 deaths) and in 2001 (St. Gotthardel — 11 deaths, Gleinalm tunnel — 5
deaths), governments and tunnel experts begarcts fmore on the tunnel safety [14].
Ventilation is one of the most safety importantnedats in road tunnels — it is a necessary
measure in the case of fire, as it plays an importale during evacuation. Firstly, the
ventilation systems in road tunnels are mainlyndes for the control of smoke propagation
during fire situations, and secondly, they are aextul tool to dilute the pollution of car
exhaust gases inside of the tunnel. In recent ydlagsnecessity for tunnels situated in the
built-up area (especially city tunnels) becomes enoommon in order to maintain the
environment both inside and outside tunnels [1G}r Ehese reasons, the reliable and
satisfactory control of ventilation is very imparta
On the other hand, the ventilation in road tunriglsa technology, which requires huge
electricity capacities — ventilation and lightingseems form the major part of energy costs in
tunnels. Payments for electricity bills can climp to hundreds of thousands Euro per year.
There is an interest in the minimization of elaxty consumption especially in the case of
complex road tunnels (long tunnels with connectettiions). Example of such tunnel is the
constructed Blanka tunnel in Prague.

2 About the Blanka tunnel

The Blanka tunnel is one of the largest undergrastnactures in the Czech Republic
with the total length about 5.5 km. It forms therthavest part of the Prague City Ring.
The tunnel has two tubes (northern and southerth) evie-way traffic in each tube. There are
four grade separated junctions in both tubes (Mai&a, PraSny most, U Vorlikand Tréja).
The route passes under urbanized environment orbdbadaries of the historical Prague
center. It is routed in driven and cut-and-covemntls. The whole construction is divided into
three tunnels, which are connected to these geyaErated junctions — Brusnice, Dejvice and
Kralovska obora [19].
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The tunnel tubes are situated inside the city,doug area and therefore there are significant
requirements on minimization of car exhaust gagesnfexit junctions to the nearby
environment and energy consumption optimizationnduthe operation is necessary because
of high costs of energy.

3 Ventilation requirements of the Blanka tunnel

As the Blanka tunnel has the semi-transverse systementilation, the ventilation
system is relatively complex. The longitudinal gystis comprised of jet fans — there are 88
jet fans (in both tubes together) and the trangveesitilation system consists of 6 ventilation
machine rooms — Tréja (TGC6), Letna (TGC4), Pragmyst (TGC2), Spejchar (TG7),
StreSovice (TGC1) and Malovanka. The ventilation maehboms Prasny most and Spejchar
are intended only for the fire ventilation. The tixtion machine rooms are primarily
intended for smoke extraction and secondly theyideosupply of fresh air into the tunnel
and extraction of polluted air from both tubes. Maatilation machine rooms are equipped
with axial flow fans and they have higher powerciomparison with jet fans. There are
together 30 axial flow fans in the ventilation miaehrooms.

The ventilation of the Blanka tunnel is dividedarntvo independent states of operation. The
first one represents the operational ventilatiot #xe other one is the fire ventilation.

3.1 Operational ventilation

The operational ventilation can run in five diffetenodes — natural airflow, control of
indoor environmental quality, first level of protem, second level of protection and
preventilation mode:

* Natural airflow — The tunnel is usually ventilatedturally, longitudinally thanks to
the piston effect of passing cars through the tunfigere is an assumption that this
state will occur in night hours and at weekendsnduthe real operation.

* Indoor environmental quality control — In certaisses (e.g. congestion), limit values
of pollutant concentration can be exceeded. Theabipeal ventilation must provide
the supply of fresh air into the tunnel and dilpi@luted air. The limit values of
pollutant concentrations for the operational veith of the Blanka tunnel were
determined according to the recommendations olMfloeld road association PIARC
[12] and CETU [5], in order to satisfy legal starataof the Czech Republic. The limit
values of the pollutant concentrations are depictehb. 1.

Tab. 1 Limit values of pollutant concentration lne Blanka tunnel.

Pollutant Limit value
Nitrogen oxides (NQ 10 mg/mi
opacity 5 kit

In recent years, CO emissions per vehicle havecestlsignificantly thanks to the
growth of catalysts, therefore carbon monoxideadanger the dominating factor in
the ventilation design in many European countrie3].[ The design of operational
ventilation is focused primarily on N@missions and visibility and there will be only
measurements of NO, N@nd visibility in the Blanka tunnel.

* First level of protection — In the tunnel junctidfalovanka, there will probably be
increased pollution produced by outgoing cars ftoenorthern tunnel and from the
already operated tunnel Strahov. Minimization ohaxst gases from the exit portal
Malovanka is the most complex process from theatjmaral ventilation point of view.
The state of the first level of protection is iliated in Fig. 2. The airflow in the



northern tunnel must be decelerated with the hélthe ventilation machine room
StreSovice and jet fans in the corresponding secg8anh that concentrations of car
exhaust fumes from the exit portal Malovanka wéldecreased.

» Second level of protection — The second level ofgution is more energy demanding
than the first level of protection, but assured foiotection of the exit portal
Malovanka. The ideal state of the second levelrofgetion is demonstrated in Fig. 2.
There are dampers between both tubes on two placé® tunnel and the transfer
machine room Malovanka. These dampers together théhtransfer machine room
Malovanka transfer polluted air from the northesriiie southern tunnel. This measure
helps to keep the exit portal Malovanka in the memh tube in lower pressure against
the outside of the tunnel. In this level of protect there is also an additional
requirement on the minimization of exhaust gases fthe other exit tunnel junctions.
There is a measurement of nitrogen oxides outdideectunnel in the grade separated
tunnel junction Malovanka. This measurement togethiéh traffic situation in the
northern tunnel will determine which level of praien will be activated in the real
operation.

* Pre-ventilation mode — The pre-ventilation modadsvated in the case of suspicion
of fire (e.g. stationary vehicle, increased congrdn of opacity) in tunnel sections.
Where the pre-alarm is detected, special requirésnen the longitudinal airflow
velocity are desired. The jet fans in the tunnelutth satisfy that the value of the
longitudinal airflow velocity in the tunnel sectiovill not be lower than 1.2 m/s. The
required value of the airflow velocity is undersdoas a critical for the smoke
propagation.
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Fig. 2 Schematic situation of the first (on the)lahd second level of protection
(on the right) [24]

3.2 Fire ventilation

Fire ventilation mode is activated in the caseid fletection in one of the 125 fire
sections (in both tubes together). There are ttyjges of fire detectors in the Blanka tunnel.
The first group forms linear heat detectors, seagnodip consists of smoke detectors and the
last detectors are cameras. In city tunnels, tbanebe more frequent congestions or stop and
go situations, moreover, the maximum allowed spaecity tunnels is usually less than in
highway tunnels and in the case of occurred flrerd can be blocked vehicles on both sides
of fire origin. The fire ventilation mode of thedika tunnel is divided into two phases [23]:

1) First phase — to support evacuation of people,

2) second phase — start-up for firefighters.



In the first phase of fire, hot smoke rises tod¢b#ing in the tunnel and it is urgent to support
evacuation of people and avoid smoke propagatidherdirection of blocked vehicles ahead
of the fire origin and to keep people in smoke-fee@ironment as long as possible [11]. The
longitudinal airflow velocity ahead of the fire gimm not higher than approximately 1.2 m/s
(differs according to different tunnel cross-sectarea) ensures that smoke propagates only
on one side from the fire origin and does not pgapes in the direction of blocked vehicles,
above that the smoke layer is maintained and segohfeom the fresh air layer. It is the
optimal situation and is well known as a smoketiication [8]. Ventilation machine rooms
provide smoke extraction through fire dampers kedatnder the ceiling and thereby help to
control the longitudinal airflow velocity.

The second phase starts after successful evacuattbnsually after the arrival of firefighters.

It is important to ensure the clear way to the bregin in the second phase, therefore the
longitudinal airflow velocity ahead of the fire gim in the second phase should be larger than
in the first phase (around 2.5 m/s). The aim ofdbeond phase is to extract, if possible, the
most part of the smoke from fire.
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Fig. 3 Schematic situation of fire ventilation canf22]

4 Simulation model of ventilation

In recent years, simulation models of real compglexcesses have become popular
thanks to improving computer technology and conmgupower. Based on these models, the
controllers can be tuned and much time associaiéid twe controller tuning in the real
process can be spared. Our suggested approachise the mathematical model of a tunnel,
which describes the dynamics of airflow and poltiteoncentrations in details, to design the
ventilation controllers. This model involves allportant effects, which influence the physical
behavior of the tunnel — air friction, piston effeaf vehicles, propagation of pollutant
concentrations, etc. Two simulation models haven likveloped for the design of ventilation
controllers in the Blanka tunnel — airflow velocityodel and pollutant concentrations model.

4.1 Airflow velocity model

For the Blanka tunnel, the simplified descripticeséd on the Bernoulli’'s equations
and the continuity equations was chosen to desctilge airflow in the tunnel one-
dimensionally. For the purpose of the mathematicatlel of airflow, the tunnel is divided
into ventilation sections. A ventilation sectionaspart of the tunnel, which has constant
geometry. It means there is constant cross-seatiea, slope of the road, hydraulic diameter
of the tunnel, etc. Ventilation sections of thertehare mathematically connected by the
continuity equations [6] and [9]

2.Q =0, (1)

whereQ; [m*/s] is airflow volume in the,i-th” section, which enters in the node or leaves the
node, respectively. The Equation (1) describes @leoconnecting or dividing flows in the



case of a tunnel junction as demonstrated in Fighére are three ventilation sections in this
figure — section 1, 2 representing the main tumnate and section 3 representing the exit
ramp. This case can be described by Equation (@)llagvs

Q1_Q2_Q3:0, (2)

The similar situation is occurring in the case @ntiation machine rooms. Ventilation
machine rooms provide the supply of fresh air mtimnel or extraction of smoke or polluted
air from the tunnel through dampers. The extraat@ds through a ventilation machine room
has to fulfil Equation (1).

Apy,Q, Ap1,Qq
_

Fig. 4 Schematic view of an exit tunnel junction

The other equations that describe the airflow dyinaim the tunnel are Bernoulli’'s equations.
The Bernoulli’'s equation states that pressure cbsng the individual tunnel outlets must
equal. The exit tunnel junction depicted in Figadisfies the following conditions [15]:

3)

Ap, +Ap, =0
Ap, +Ap, =0’

whereAp; [Pa] denotes the total pressure change in thecésp section.

In tunnels, there are many influences, which calmsages of the total pressure changg:
[Pa] in Equation (4). On one hand, there are presgains (sources) like piston effect of
passing vehicles through the tunnel, or jet famscef On the other hand, there exist pressure
drops, which are caused by fluid friction or cortiteg and dividing flows behind the tunnel
junction. The total pressure change in the respettinnel section can be expressed as

Aptol = iAppist * Apfans - Ap fric Aparea - Apmom ’ (4)

whereAppist means the piston effect of vehiclégyans is the pressure effect of jet falgxic
denotes the pressure drop due to the friction gffa®,e, are pressure drops caused by local
losses (constriction, extension, flow division @noection, etc.) andpmom expresses the
airflow inertia. Positive signs in Equation (4) eegs pressure gains and negative signs denote
pressure drops. Equation (4) is built for each Negtidn section of the tunnel.

The pressure change due to the piston effect depamdhe intensity and velocity of passing
vehicles through the tunnel [4]

. Zc:VAVNi
|

Appist = Ep (Vcar ~ Vair )2 ’ (5)

At

wherep is air density, considered as 1.23 kiy/my;, [m/s] is the longitudinal airflow velocity

in the respective ventilation sectiony fn? is the tunnel cross-section area. [m/s] is the
average velocity of vehicleb| [-] is a number of vehicles in the tunnel of thepective type,

A, [m?] is the average head surface area of the respegivicle type, ¢[-] is the coefficient
reducing the average head surface area of the lgetdépending on the average vehicles
velocity. The simulation distinguishes three tymd#svehicles — passenger cars, vans and



trucks.
The memberprns describing an influence of jet fans in the tunoeh be calculated as
follows [7]

2
Apfans - nJledgref r.]2 + nJFmref nl]/air , (6)
Nt AJFAT nTEfAT

wherenye [-] is the power efficiency of a jet fan,Q[m%s] is the nominal airflow through a
jet fan, Ar [m?] is the rotor diameter, & [1/min] is the maximal rotational speed of a fan
rotor (RPM). These parameters are all catalogua. ddte important symbol in Equation (6)
isn [1/min], it is the current rotational speed ofaa frotor.

The pressure drop caused by air friction (Equati®h depends especially on wall roughness

[4]

AP g =%,0/1 DLhVairz ) (7)
where L [m] is the length of the particular vertia section, P[m] is the hydraulic diameter
of a tunnel and [-] is a friction factor, which can be calculatectarding to the Swamee-Jain
equation [21].

The termAparea represents local pressure drops due to tunnel geeprchanges depending on
tunnel areas, shape of transition or directionirfiioav and can be generally expressed as

1
Aparea = Epfvairz ' (8)
where& [-] are loss coefficients depending on the tuncrelss-section area. This kind of
pressure drops involves also pressure changescchysmnnecting and dividing streams [4].
The last membexp,c in Equation (4) represents the momentum of airfl8jv

dv,

B ©)

AF)n']OITl = ﬂ_ dt

The pressure change due to change of altitudeeotuhnel can be neglected in our case,
because pressure changes due to altitude charthpe iBlanka tunnel are negligibly small
against the other pressure effects in the tunnleé mentioned pressure change is often
considered by mountain highway tunnels, where ifferdnces in altitudes of tunnel portals
can be significant [23]. The effect of wind on @bst was also neglected thanks to the
favorable location of the Blanka tunnel in the bup area.

The unknown variables in the system of nonlinearagiqns are airflow velocities in the
individual ventilation sections. This system of atjons is solved in each step of simulation
with the help of numerical tools in MATLAB [25].

4.2 Pollutant concentrations model

Cars passing through the tunnel produce exhaustdudue to the diesel combustion
or combustion of gasoline. The most released gasesitric oxide (NO), nitrogen dioxide
(NO,), carbon monoxide (CO) and solids, which increapacity in the tunnel. Pollutants
produced by vehicles depend on emission factor, beunof vehicles of the given type,
vehicle velocity and volume of air in the givengeeof the tunnel

Z Ni (t)Echar (t)
R(t) = Vair (t) , (10)

whereR(t]g/m%s] is the total production of emissions of all s in the tunnel, Hg/m] is



the emission factor of the respective type of viesid/s, [m%] is volume of air in the given
ventilation section.

The production of emissions depends, accordinggimaion (10), on the emission factor. The
emission factor Edepends primary on the vehicle type (passengervear truck), slope of
the road and vehicle age. There exist many sounese one can find emission tables
including emission factors depending on Europeaisgon standard EURO. In Europe, the
mostly used emission tables are defined by the dVMBedad Association (PIARC) [13]. The
emission factors for the simulation of the Blankartel were determined from the program
MEFA, developed by the company ATEM [2], which aszy used in the Czech Republic.
The steady-state model of pollutant concentratiwass been used for simulation. This model
does not require the information about positionsabbfvehicles in the tunnel. Pollutant
concentrations in any ventilation section of theniel are given by the simple formula [22]

L RO)L
O 0]

wherec(i) [g/m?] is pollutant concentration in thé-th” time step andcamp[g/m?] is ambient
pollutant concentration, which cannot be negleateitie case of city tunnels.

*+Camp(1) 5 (11)

5 Design of ventilation control

5.1 Operational ventilation control

The control system of the tunnel consists of prognable logic controllers (PLCs).
PLCs control individual technologies of the tun(lghting, signaling, etc.) and also turn on
individual ventilation devices (jet fans, axial fam ventilation machine rooms) and form the
under layer of the whole control system of the apenal ventilation. The supervisory layer
involves the supervisory system, which is basethermathematical optimization.
We have developed the static controller that minéwithe electricity consumption and fulfils
all requirements stated in Section 3.1. Our dewogontroller uses the simplified
mathematical model of the tunnel described in $acti. The principle of the controller is
such that the resulting control input (adjustmdnjebfans and ventilation machine rooms in
the tunnel) is calculated based on traffic intgnsitelocity and traffic composition to satisfy
all requirements on the operational ventilationle/héspecting the minimization of electricity
consumption. Our developed approach is based ondhdinear mathematical optimization,
while the goal of the optimization is to find a nmmum of a cost function. The cost function
for the optimization task of the operational vattdn can be written as follows

M50 Q1= MY R(1) +3 P (Q) +3 2, Wy, -5, (12)

subject ta

i) mathematial modelcreatechasedncontinuityequationsind Bernoulli'sequationsseeSectiord,
i) physicalconstrainsof jetfansandventilatonmachinerooms,

iii) constrainsfor thedesiredrangeof airflow velocity in theindividual ventilationsections.

wheren; [-] is required number of jet fans in theth” ventilation section, which are to be
run, Pi(n;) [kW] is electricity power of jet fans in thd-th” ventilation sectionQ, [m¥s] is
desired volumetric flow of air of thgj-th” ventilation machine roon;(Q;) is electricity
power of the,,j-th” ventilation machine roonsy is a slack variable corresponding to the
airflow velocity in the,,k-th” ventilation sectiony,ix — % [m/s] denotes a variance of the
airflow velocity in the, k-th” ventilation section andcas a weight of penalty when crossing
the desired zone of airflow velocity.

The control system provides the following operagicstata to the supervisory system:



» average longitudinal airflow velocity in the indiial ventilation sections,

» average values of pollutant concentration (N@pacity),

 traffic data from operation — traffic intensity,leeity and traffic composition.
The supervisory system calculates the optimizatask (12) each 15 minutes and provides
new set point adjustment for startup of jet fand aentilation machine rooms to the control
system.

5.2 Fire ventilation control
Fire ventilation control must fulfil all requiremenmentioned in Section 3.2. The aim

of fire ventilation control is to control the logdinal airflow velocity ahead of the fire
origin. The desired airflow velocity (set-point)determined as 1.2 m/s in the first phase and
2.5 m/s in the second phase. It is also necessargritrol the airflow velocity in the tunnel,
which is unaffected by fire, to avoid the potensaloke propagation from the affected to the
unaffected tunnel through emergency exists. Irutieffected tunnel the set-point value of the
airflow velocity is set up on 1.5 m/s against thieidg direction.
As mentioned above, in the Blanka tunnel, theretagether 125 fire sections and three
independent PID controllers are implemented foretfiee section in the tunnel:

» controller ahead of the fire incident in the fipbtase,

» controller ahead of the fire incident in the secphdse,

» controller in the unaffected tunnel.
The aim of the fire ventilation control is to acheethe set-point value of airflow velocity as
fast as possible and then maintain it within tHeveed band. The allowed band should be
achieved in 1-3 minutes from the beginning of fiketection [17]. The oscillations during
control should be suppressed and reverse of tHevaivelocity (in the direction of blocked
vehicles) is strictly prohibited.
The algorithm of the discrete-time PID controllamich is suitable for computation by a
computer, is quite simple [1]

u(t) =K, () +K, 0} e ()+K, le(t) -e(t-1) (13)

where K, is the proportional constant, ks the integral constant andy Ks the derivative
constantu(t) [-] is the output of the PID controller updatectled 0 seconds — number of jet
fans, which are to be run at theth” time step.e(t) [m/s] is the control error at thet-th”
time step and can be calculated as follows

e(t) = Vret ® ~Vair ®, (14)

wherevies (t) [m/s] is the set-point value of the airflow velycat any time step andvg; (t)
[m/s] is the measured airflow velocity at any tistept.

The most of industrial controllers do not use tlegivéhtive action in practice, because the
derivative action is very sensitive to the measw@nmoise [26]. The measurement noise can
generate large variations of the control input @ndan be very hazardous for the fire
ventilation mode, therefore the derivative const&nis equal to zero for all controllers in all
fire sections.

6 Evaluation of ventilation control

In this section, we show results of fire ventilaticcontrol during complex
examinations in the Blanka tunnel, which ran thioudguly to November 2014.
The demonstrated fire test was executed in thesétion SM10. This fire section is located
in the driven tunnel Kralovska obora and smokexisageted via ventilation machine rooms



Tréja and Letna. The result of fire test is demldte Fig. 5 and Fig. 6, the blue line represents
the progress of airflow velocity measured by thlaw velocity sensor ahead of the fictive
outbreak of fire and the red line shows the desaiefliow velocity (set-point). Firstly, the
preventilation mode was activated in the beginrofghe test around 13:07, while the set-
point of airflow velocity was set to 0.9 m/s. Asncae seen, the controller was able to keep
the airflow velocity in the allowed band 0.9+0.3sndfuring the preventilation mode without
any greater oscillations. The first phase of the fientilation control started in 13:19, the
airflow velocity increased significantly due to thrtup of the ventilation machine rooms for
the smoke extraction. The PID controller commangsdfans in the tunnel to break the
airflow velocity ahead of the fictive outbreak afefto desired values. The optimal situation
of fire ventilation control was achieved in 4 miesitafter fire activation, because the airflow
velocity was kept in the allowed band. The secamasp of fire ventilation began after 13:26,
the set-point of airflow velocity was increasedlt® m/s and the power outlet of ventilation
machine rooms was raised. Although the airflow g#jooscillated in the second phase, it
still kept in the desired band 1.9+0.3 m/s andedjuirements on the fire ventilation control
mentioned in Section 3.2 were satisfied.

Preventilation and fire ventilation test, SM10, 22/10/2014
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Fig. 5 Evaluation of fire ventilation control ingHire section SM10, progress of
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Section SM10 - Requirement on jet fans startup, 22/10/2014
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Fig. 6 Evaluation of fire ventilation control ingHire section SM10, progress of
startup of jet fans

7 Conclusion

The paper described the design of controllersHerfire and operational ventilation in
the Blanka tunnel. Both controllers were pre-tunedthe simplified mathematical model of
airflow velocity based on Bernoulli's equations acaitinuity equations, then post-tuned
during the complex examinations in the tunnel andllfy implemented on the real hardware
— programmable logic controllers. The advantagéhf approach is that many unexpected
situations, which can occur during the real operatican be simulated through these
simulation models and controllers can be adaptethése situations. Moreover, it spared
much time with the controller tuning, because fomgplex road tunnels (long tunnels with
several grade separated junctions) it is usualty déficult to tune the controller parameters
within the complex examinations before opening e tunnel. Such a complex tunnel is
usually divided into several fire sections, whiale determined by their own fire sensors —
smoke detectors, linear heat detectors or camé&uasng the complex examinations in a
tunnel one has not usually much time to verifydiesigned PID controlled of the longitudinal
airflow velocity for all detection parts. Moreovet,is quite expensive to make several fire
tests in each detection part to fully verify theoller.
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