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ABSTRACT

By adopting longitudinal ventilation system, construction costs as well as running costs are considered to
be reduced. However, it is important to notice that the response time is much larger in the longitudinal
system, while atransverse system has lessdelay. The present work is to clarify the basic characteristics
of the longitudinal ventilation system as an object of control. In a numerical simulation, the authors have
applied four operation strategies, no operation of jet fans, full operation, feedback control and feed
forward control. Detailed consideration is given to the simulation results, how the control performance
is affected by control method. The control allowing negative ventilation flow is also ssimulated, and it is
presented that the possibility of a practical application exists. By applying the evaluation function to the
simulation results, it is shown that the function can give objective indices for the performance of control.
The feed forward control isfound to be most suitable for the longitudinal ventilation system.

1 INTRODUCTION

Road tunnels are ventilated artificially in order to avoid accumulation of pollutants. In Japan,
longitudinal ventilation systems have often been adopted in recent years even for long tunnels from the
standpoint of economy, both in construction and operation. However, the control of longitudinal
ventilation is considered to be more difficult for several reasons. Although various methods or
algorithms are introduced for the ventilation control of longitudinal systems in order to cope with the
problem, it is not yet established well, nor is the methodology of evaluation of the control defined clearly.

The present work deals with several control strategies applied to a longitudinal ventilation system, and a
series of numerical simulations are carried out. The behavior of pollutant distribution under different
control is observed and discussed.  The evaluation function, which was defined in previous works*? is
aunified parameter of pollution and ventilation cost. The function is applied to the results of simulation,
with which compatibility of the control method to the ventilation system can be judged.

2 SIMULATOR FOR LONGITUDINAL VENTILATION

21 STRUCTURE OF THE NUMERICAL SIMULATOR

The simulator for longitudinal ventilation is basically composed of so caled “Plant” and “Controller”
parts, which are connected through sensor information and instruction of ventilator operation, asis shown
infigure1l. The plant part describes the physical phenomenain the tunnel and includes the aerodynamic
model, the pollution model, the traffic model and the ventilator model. The data are exchanged between
these models according to arrow linesin the figure. The controller model acquires traffic data, visibility
at both portals and air flow velocity from sensors and outputs the number of jet fans to be operated in the



next control period.

2.2 AERODYNAMIC MODEL

The air in the tunnel is considered to be incompressible, and it is accelerated or decelerated according to
the total force which is the summation of the natural wind force F,, the force exerted by the jet fans F,
the piston force due to vehicles F, and the force by friction loss F,. Thus the governing equation for
the air flow velocity in the tunnel is derived from Newton’s second law of motion as
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dt
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Detailed explanation and expressions for each term in the equation is given in reference [ 3].

23 POLLUTION MODEL
One dimensiona convection diffusion equation with source term is used in order to dea with the time
dependent distribution of the pollutants in the tunnel.

At "dx  Ix°
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where t istime, X distance from the portal, V, theair flow velocity D the diffusion coefficient and
¢ the production term.  “c” can be the concentration of any pollutant. In the following calculations,
the diffusion coefficient is set to be zero, in order to observe the contribution of the convection term more
clearly.

In the present work, soot is considered as the main pollutant, which comes form the fact that diesel
vehicleratio israther high in Japan. Other pollutants such as CO or NOy can be aso treated in the same
manner. Visbility 7 isrelated to soot concentration ¢ with the expression

T=e’°, (©)

where | is the measurement length, which is usually 100m. From this expression it is noted that the
soot density has the dimension of [1/m].

24 TRAFFIC MODEL



In the longitudinal ventilation system, traffic has alarge influence on the air flow velocity in the tunnel, as
well as to pollution in the tunnel. Therefore, the authors considered that the traffic model is crucial in
carrying out realistic smulation, and the model is adopted, in which each vehicle is treated individualy,
using the measured actua traffic. This model is

especialy meaningful for the simulation of a & (Smoke)

rather short tunnel as in the current study, in which v |

pollution distribution and wind velocity change Pollution [ Vr | Aerodynamic Traffic

rather quickly. Model Model Model
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25 CONTROL MODEL [ ventitator Model |

The purpose of ventilation control is to minimize SR Y N RN P

the power consumption, while maintaining the —— -
allowable level of pollution in the tunnel. In <\E'b'"ty ) <anemometer> @aﬁ'c )
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order to attain it, various control algorithms are SENSOR
applied to the actua tunnels, which are feedback T A e—— T
control or feed forward control, and more recently, Controller Model

CONTROLLER

Al(artificial intelligence) or fuzzy logic. In the
present paper, feedback control and feed forward
control are introduced to the simulator as
fundamental means of control, with which the consideration of the problem in control for the longitudinal
system can be derived.

Fig. 1 Structure of the numerical simulator™

251 FEEDBACK CONTROL

In the present feedback control, the authors defined that the necessary number of jet fans to be operated is
decided from two aspects of tunnel situation, which are the degree of pollution and the air flow velocity.
At every control interval t_, the number of operating jet fans for the next period is calculated based on
the measured visibility 7 (the worse value from the ones at both portals is taken), so that it becomes
closer to thetarget value 7 ..

=37 =K, *(1 -1,) ¥ 4)

where i is the sequential number of the control period, and K, is the control gain. J., is the
number of jet fans installed. Here, 7. should be decided with an enough margin, say 10% to 20%,
from the alowablelimit, 7,.  On the other hand, in order to avoid reverse flow, the operating jet fans

To= 37K, XV, V,o) ©

are necessary. Above two numbers are compared and the larger one (J' = max (Jil, J! 2)) is adopted for
thenext t. period.

252 FEEDFORWARD CONTROL

In the feedback control, it was pursued to attain the necessary visibility based on the measured pollution
level and the air flow velocity. However, due to large delay which isinherent in the longitudinal system,
it seemsto be difficult to properly respond to the change of visibility. By using the incoming traffic data,
the situation can be estimated, and a better operation can be done without delay. From the estimated
number of vehicles existing in the tunnel, necessary ventilation flow Q isgiven in the following manner.
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where q, is the standard ventilation flow per unit length[m*/s/km/h], Q, the standard ventilation flow
[m%s], N the estimated traffic density [veh./h], L the tunnel length[m], r, counter traffic ratio, ki, ,
k., the correction coefficients for inclination, k, correction coefficient for atitude. Necessary air flow
velocity V, = Q/ A, specifiesthe necessary number of jet fans

J=PuTP TR ()
P;

inwhich p, isequivalent pressure by frictionloss, p, by natura wind, p, by trafficforce, p; by jet
fans. Here, p,, p, and p; arefunctionsof V,. p’sin the formula are the value of F's divided
by the tunnel cross sectional area A . An extra coefficient k is multiplied in order to reduce
substantial ventilation cost.

3 EVALUATION OF VENTILATION CONTROL

Maintaining the pollution in the tunnel to be under a certain level and reducing ventilation costs are
contradictory. And it is difficult to define an absolute criterion of the balance of these two, while the
necessity of objective evaluation seems to be rising™?. According to the authors proposal, the
evauation function is the weighted summation of two penalties of the violation of visibility below the
allowable limit, and the excessive consumption of ventilation power.

3.1 PENALTY OF POLLUTION

While the visibility is below its allowable limit (7 <7 ,), the pollution penalty is imposed according to
the degree of violation. On the other hand no penalty isimposed so long as it isin the permissible range.
Thus the time averaged pollution penalty is

oo = TifoT F (1) dt, 9)

where

=0 (t=1,).

In this formula, visibility 7 is the worse of the measured visibilities at both portals. T is the time
period to be averaged over, and is decided according to the purpose of the evaluation. In the current
study, T issetto 24 hours.

3.2 PENALTY OF POWER CONSUMPTION

It is not appropriate to count the power consumption directly as penalty of power, because the penalty
should not be imposed to the power which is necessary for the passing traffic. The am of the penalty is
to evaluate the excessive quantity of power consumption. It is, however, not easy to divide the power to
necessary and unnecessary part. Our proposa hereisto put the traffic density ratio powered by an index
to be the necessary minimum of the ventilation power, and the time averaged penalty of power is
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inwhich P isthe power for ventilation, P, the total power of the installed ventilators, N, the traffic
density of diesel vehicles, N,, thedesignvalueof N,.
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3.3 UNIFICATION OF THE PENALTIES

Let us consider how the above two penalties can be summarized. Although in the current definitions in
eguations (9) and (10), it does not seem to be necessary to convert the dimensions because the both are
non-dimensional, it becomes necessary to adjust the dimensions of both terms, in a more genera case.
The conversion parameter b is necessary for this purpose. The other parameter a (O <ac< 1) is
introduced in order to define the balance of importance of the two penalties. a should be alarger value
when the pollution level is considered to be more important, while it would take a smaller value when the
cost of power becomes higher concern due to the reasons such as boosting of the oil price.

ntotal = anpoll b(l - a) n;-)ower ' (11)
The summarized penaty m,,, istheproposed valuefor evaluation.
4 SIMULATION CONDITIONS

41 THE OBJECT TUNNEL

As the object of numerical simulation, a longitudinally ventilated tunnel is selected, which is the Oyama
tunnel. The tunnel has two lanes for two-way traffic with the length of 1,722m, driven with 18 jet fans.
This ventilation system is designed under the condition of traffic density 1,850 [veh./h] with the speed of
60 km/h. The ratio of heavy duty vehicles with diesel motors is supposed to be 35.3%. Thistunndl is
selected as the object of ssmulation, because it has a jet fan driven ssimple ventilation system with proper
length. Figure 2 shows the configuration of the tunnel. It is equipped with an anemometer and
visibility meters close to both (east and west) portals.

42 TRAFFIC DATA

The simulator of ventilation control which is prepared for the present study uses the traffic data in the
form that the entrance time of each vehicle is described, with which higher reality and reproductivity is
aimed. The entrance timings of the cars are from the data obtained from traffic counters located in a
similar condition to the one considered in the ssimulation. 24 hours are simulated upon the traffic data
taken on July 29, 1996. Figures 3(a) and 3(b) show the traffic density in both directions used, whereby
the ordinate is the number of vehicles existing in the tunnel. The strength of emission from each heavy
duty vehicle is decided by random numbers, keeping the average and deviation to be the values of our
design standard.

The effect of natural wind is neglected in the following simulation cases.
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5 BEHAVIOR OF VISIBILITY UNDER VARIOUS OPERATIQNS
Heavy duty vehicles

The following four operation strategies are introduced in the simulation.

Case 1: No operation of jet fans.

Case 2: Full operation of jet fans.

Case 3: FeAll vehicles

Case 4: Feed forward control.
The explanation for each case follows:

51 CASE1

The jet fans are not operated during the smulated 24 hours. Figure 4 shows the result of the simulation
for this case. The figure 4(a) shows the visibility, and 4(b) the wind velocity in the tunnel. The air
flow in the tunnel is solely dependent on the piston effect of the traffic. Until around noon the flow
direction is negative, while it turns to positive due to the west bound/east boLHeavy duty vehicles Aly of



heavy duty vehicles. Asthe traffic is not suffici en1Ef"St Vy;-the visibility does not exceed the allowable
limit at all from midnight to 1100h. On the other hand the traffic grows heavier and the violation occurs
around noon and 1800h, and the worst visibility reaches to about 20%.

52 CASE?2

When all of the 18 jet fans are fully operated during the 24 hou%e visibility is maintained mostly
above 80 %, and the air velocity is aso kept in a high value between /'W t1”. m/s, as shown in figure 5. It
is obvious that this is an ideal operation in view of visibility in the' - | if economy is not taken into
account.

53 CASE3

Under the feedback control enforced every 5 minutes (t.) by formula (4) and (5), smulation was carried
out, obtaining the resultsasin figure 6. Thetarget value 1, was decided to 60% after trial calculations,
including evaluation of the results. From midnight to 0600h, jet fans are operated to compensate the
negative air flow due to heavier east bound traffic (eq.(5)). After 0900h, the visibility comes down
below 60%, and the jet fans are employed due to eg. (4), as the feedback of visibility. From 1800h to
2100h, west bound traffic is dominant, and the jet fans are in operation only when the visibility exceeds
the limit.

54 CASE4

Now the result by the feed forward control is discussed. Asis shown in figure 7, very few jet fans are
operated between midnight and 0600h because the traffic is not heavy. Around 0700h, the visibility
exceeds the limit, while about half of the jet fans are employed. Between 1500h and 1800h, more jet
fans are operated than in the former case. These two phenomena comes from that the ventilation
operation is decided from the estimated (heavy/normal) vehicles in the tunnel, and the mean emission is
used in the calculation of jet fan operation. In spite of these observations, total consumption of power is
less than the one in the former case (case 3), as will be discussed later in further detail. Ineq.(8), k is
set to 0.8, because over operation is observed wheniit is 1.0.
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Fig.4 Tempora variation of visibility, wind velocity under no jet fan operation. (case 1)
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Fig.5 Temporal variation of visibility, wind velocity under full jet fans operation. (case 2)
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Fig. 6 Temporal variation of visibility, wind velocity and jet fan operation under feedback control.
(case 3)
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6 PARAMETERSFOR EVALUATION

In order to apply the evaluation function to the above resullts, it is necessary to set the parameters a and
b intheformula(11). The conversion factor is 1, because both penalties are non-dimensionalized, and
not necessary to convert in the present case. After some trial in case 4 presented above, the weighting
parameter isfixedto be 0.9. Asis stated earlier, the weighting parameter is set from the consideration of
the balance between the pollution level and economy. The value 0.9 is the one which requires higher
quality of air rather than power consumption. a=09 and b=10 is used for evaluation of al the
cases in the next section.

7 CONSIDERATION

7.1 PROBLEMSAND COUNTERMEASURE

In Japan, longitudinal ventilation system has been adopted even for long tunnels on the inter-city
highways for more than ten years, even for temporarily two-way tunnels. This period was synchronized
with the wide spread application of digital control. The authors have pointed out that the control of
longitudinal system is more difficult and a part of the saved cost of construction should be used for study
and development of proper control method. Actualy, when the pollution is detected at the exit portal,
the block of polluted air is going out of the tunnel, which means the feedback control is not appropriate in
principle. Inthelongitudina system, traffic causes pollutant emission, while having alarge affect on the
air flow in the tunnel. A favorable control scheme should be constructed with these various
characteristics taken into account. So far, the longitudinal system can be said to be more difficult to
control, in comparison to transverse system.

In the feedback control, larger deviation of pollutant density is inevitable caused by the intrinsic character
of the longitudinal ventilation system. It means that the target value of control has to be set with alarger
margin from the allowable limit.

The feed forward control is more suitable for the longitudinal system from the consideration of the
dynamic characteristic of the system. By using this control, necessary power should in principle
coincide with the second term of the evaluation function of the penalty of power. The evaluation is not
dramatically better in comparison to other control schemes for some reasons, such as deviation of
pollution emission or unsteadiness of the phenomena.  In spite of that, according to the authors' opinion,
the basic concept of the feed forward control seems to be promising, and the improvement is expected by
combining with more sophisticated schemes.

7.2 CONTROL ALLOWING NEGATIVE VENTILATION FLOW

The feedback control based only on the visibilities at both portalsis applied to the system, in which the air
flow velocity is not referred (case 5; shown in figure 8), namely the formula (4) is used without adding (5).
The target value 7. is also 60%. Usually it is considered that the ventilation direction is fixed in a
longitudinal system, because a heavily polluted condition can occur at the switch-over of the wind
direction. The most remarkable difference occurs from midnight to 1000h, where almost no operation is
required. It is observed that the reverse air flow caused by the traffic can ventilate the emission.
Although the air flow direction changes several times during the whole simulation period, no serious
problem seems to have occurred, except that short term swings of low visibility have happened.
Although a lot of study should be required until “free directional longitudinal ventilation system” is



established and become practically applicable, the authors could show the possibility under the simulation
conditions.

7.3 APPLICATION OF THE EVALUATION FUNCTION
The evaluation function described in section 3 is applied to the simulation results obtained from section 5
over the 24 hours concerned. The penalty of visibility violation and excessive consumption of power are
summed up with the parameters of a=09 and b =10, giving table 1. Allowable level 7, is set to
40 %, and the power tobe j=2. Casel (no opg, ;1) showsthe largest penaty in V|sb|I|ty while no
penalty on power. On the contrary, the full operi..... .eadsto.zero penalty of pollution and the largest
penalty of power, which is quite understandable. In the present situation, case 1 attains much better
evaluation, as the traffic is not too heavy. In case 3 and 4, the target value or the coefficient are adjusted

so that the best performance is attained. The overall penalty in case 4 (feed forward) is significantly

lower i:ompanson to the one in case 3. ) /
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Fig. 8 Tempora variation of visibility, wind velocity and jet fan operation.

(caseb)
Tablel Penalty
Penalty on visibility Penalty on power Total penalty
casel 0.01867 0.0 0.0168
case? 0.0 0.841 0.0841
case3 0.0017 0.136 0.0152
cased 0.0015 0.094 0.0108
caseb 0.0020 0.035 0.0053

8 CONCLUSION

A longitudinal ventilation and its control for a road tunnel driven by jet fans are numerically simulated.
Four operation strategies are applied to the system; no operation of jet fans, full operation, feedback
control and feed forward control. The followings can be stated from the simulation results under the
traffic data of a 24 hour period. Although the simulation would give dightly different results if the
hypothetical conditions such as tunnel length, traffic data, etc. are replaced with others, the authors
consider the general property will not change largely.

Even with feedback or feed forward control, the deviation range is rather large, and a margin of some 20%
is found to be necessary in order to keep the visibility to be above the allowable level. It is considered
that a smaller margin could be possible for a transverse system from consideration of the difference in
ventilation principle.

By applying the evaluation function to the simulation results, the penaties of pollution and excessive
power are obtained as well asthetotal penalties. Asthe traffic is not heavy under the situation supposed
in the ssimulation, the no operation case marked a much better point than the full operation case. Feed
forward control showed a better result than feedback control, but the difference is not as remarkable as the
authors have expected. From the viewpoint of ventilation principle, the feed forward control is
recommended as the basis of further improvement.

Test smulation was carried out for the case in which reverse air flow is allowed, which is not the case at
present for the longitudinal ventilation. It showed a remarkable performance in terms of the present
evaluation method. Although more study is needed, the authors could show the possibility of applying
this concept to the tunnels with certain conditions.
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