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ABSTRACT 

Reliable and accurate monitoring and control of the longitudinal air speed is necessary in road 

tunnels equipped with exhaust dampers, used for concentrated smoke extraction, and in 

longitudinally ventilated tunnels where in the event of fire tunnel users can be located on both 

sides of the fire. The system’s scope is to prevent an uncontrolled propagation of smoke and 

to improve the self-rescue conditions of the tunnel users. 

In order to allow airflow control within narrow tolerances inside the tunnel, it is necessary to 

provide reliable and accurate measurements of the air speed, being used as input to a closed-

loop control system of the ventilation equipment that regulates the air speed at the incident 

location. 

The objective of the research project funded by the Federal Roads Office (FEDRO) was to 

compare different measurement techniques, consisting of a dynamic pressure head measuring 

system, two ultrasonic line measurement systems and three ultrasonic point measurement 

systems, a thorough field study has been conducted, which was funded by the Swiss Federal 

Roads Office (FEDRO). 
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1. INTRODUCTION 

The scope of the field study was to evaluate typical airflow measurement systems in 

representative tunnel configurations over a prolonged period (including the main seasons of a 

year). The available resources allowed installing up to 4 test sections each being equipped 

with all selected measurement systems. Two tunnels were thus selected, one with one-way 

traffic (RV-“Richtungsverkehr”) on two lanes and the other with two-way traffic (GV-

“Gegenverkehr”) with one lane for each direction. Furthermore, only tunnels with a 

longitudinal ventilated horseshoe 

profile in the entrance area 

(“Hufeisenprofil” - HU) and a 

semi-transversally ventilated 

rectangular false ceiling profile 

(“Zwischendecke” - ZD) in the 

inner area were picked out. Close 

attention was paid to the 

compliance of these tunnels to 

standard cross-section profiles 

according to the Swiss directives 

and guide lines. The chosen 

tunnels were the single-tube 

Flüelen tunnel and the twin-tube 

Bözberg highway tunnel. 
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Two test installations were build-up in each tunnel and the respective two cross-sectional 

profiles (Figure 1) to render the field study as representative as possible. 

Figure 1: Schematic of measurement profiles 

This comparative measurement campaign, with overall six different flow measurement 

devices in each test section, lasted approximately 10 months, from January to October 2012. 

The measurement readings were normally recorded and analyzed with a 10 seconds 

cycleFurthermore, to obtain independent reference values, tracer-gas measurements were 

performed at the beginning and end of the measurements campaign. 

The data reduction and analysis focused on the consistency of the measurements, the response 

behavior of the airflow devices, and the performance of these instruments in various traffic 

conditions, including incident scenarios. A statistical analysis of the measurements was also 

performed. 

The project faced some unexpected functional problems, which did not affect the final result 

but had to be solved in order to improve the reliability and stability of this long term study. 

The measurement data of the airflow devices were documented and analyzed in detail. The 

recommendations which emerge from these investigations are aimed to improve and optimize 

the general concept of "airflow measurement inside tunnels" and thus address manufacturers, 

engineers and operators and shall contribute to the ventilation guidelines and the technical 

data sheets issued by FEDRO. 

 

2. MEASURING AND ANALYSES 

2.1. Airflow measuring systems 

The following airflow measuring systems were tested in the study: 

Dynamic pressure head measurement 

• TMS 3000, Schiltknecht Messtechnik AG, Gossau ZH  

Ultrasonic point measurement 

• TK-300, ACP AG, 2563 Ipsach 

• TunnelCraft3, Codel Ltd, by J.con-GmbH, 77815 Buehl, Germany  

• Windcheck, Fives Pillard, 13272 Marseille Cedex 8, France  

Ultrasonic line measurement 

• D-FL 220T Durag Group GmbH, 22453 Hamburg, Germany  

• Flowsic200, Sick AG, 6370 Stans 
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2.2. Calibration and operating conditions of the measurement systems 

The 6 test system providers installed and calibrated their airflow devices in the two selected 

tunnels according to their company specific procedures. The measured values made available 

to the common acquisition system had to consist of 10 second averages. The requested 

measuring range was  +10 / -10 m/s. 

Since the measurements of the single point devices were performed close to the tunnel 

sidewalls, it was expected that wall distance and Reynolds number-dependant correction 

factors would have to be applied according to standard pipe flow theory (Figure 2).  

However, according to the providers of these single point systems, such kind of corrections 

are usually not applied.  

 

Figure 2: Pipe flow velocity profile  

2.3. Data evaluation 

Variations of ambient air pressure ranging from 950 to 980 mbar, of humidity from 20% to 

95%, as well as strong temperature fluctuations (summer – winter) or traffic conditions didn’t 

have any observable effect on the measurement quality during the whole campaign and this in 

both tunnels. 

Typical data recorded in the one-way Bözberg tunnel is shown below (Figure 3). The figure 

displays the air speed in the two measurement sections installed in the tunnel as well as the 

influence of the traffic volume over a 24 hours period. 
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Figure 3: Tunnel Bözberg, air speed and traffic data. 

 

As mentioned previously, the field study revealed a number of problems regarding some of 

the tested airflow devices: 

• Measurement drifts due to unstable electronic components 

• Failure of a measuring head and resulting in wrong averaged data 

• Aberrant measurements caused by software failure 

• Ultrasonic transducer salt corrosion (salt used during winter time) 

• Reading errors caused by reflexions from the tunnel ceiling 

• Improper virtual temperature values  

• Defective soldering of a PT 100 temperature sensor 

• Differences between positive and negative flow measurements 

• Measurement sensors deformed during tunnel washing activities (brushes) 

 

2.4. Tracer-gas 

Tracer-gas measurements were performed at the beginning and end of the measurements 

campaign in order to obtain independent reference values; these measurements have been 

carried out under normal traffic conditions as the availability requirements of the traffic 

infrastructure overbalanced the needs of the field study.  

Due to the traffic induced unsteadiness of the flowfield, the gas analysis was not fully able to 

capture the fast changes of the air speed. The resulting uncertainty didn’t allow a precise real 

time comparison between the tracer-gas reference values and the air speed measured by the 

tested devices, although the tracer-gas measurements were corrected by an integral time-

adjustment procedure. A comparison of the tracer-gas and device values is displayed in the 

following figure and shows generally a good agreement: 
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Figure 4: Tunnel Flüelen, measured data and tracer gas values 

 

2.5. Statistical analysis 

For a comparative, statistical analysis, the measurement data of two typical weekdays was 

closely evaluated for long-term comparison: a winter day (Wednesday, 8.2.2012) and a 

summer day (Wednesday, 05.09.2012). This was the longest possible time span with the same 

device configurations. 

To smooth the measured values recorded every 10 s, a 60 s running average was applied to all 

data series. As basis for the consistency check of the data, the average value of well working 

devices was used at each time-step. 

 

Figure 5: Tunnel Bözberg, measured data deviation from average value, February 2012 
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Figure 6: Tunnel Bözberg, measured data deviation from average value, September 2012 

 

3. CONCLUSIONS 

The results of the study reveal that there are still some discrepancies between the expectations 

and the actual performance regarding accuracy and reliability of tunnel air speed devices. The 

main conclusions are: 

1. For reliability and confidence reasons, an automatic and autonomous detection and 

exclusion of wrong values within the measurement system is important. Information 

regarding possible system-inherent malfunctions must be transmitted to the control 

system.  

2. Periodic, automated plausibility checks of the measured values are compulsory to 

permanently ensure the reliability of a flow measurement system; there i.e. the following 

three approaches: 

a. If a tunnel has a jet fan ventilation system, a longitudinal flow can be easily induced. 

Plausibility checks are thus carried out during low traffic time windows. 

b. If no longitudinal ventilation system is installed, longitudinal airflow may also be 

generated with semi-transversal or transversal ventilation systems (according to the 

push-pull principle). 

c. In tunnel with semi-transversal or transversal ventilation systems a volume flow rate 

balance can be calculated on the base of the supply and exhaust fan airflow rates; a 

"theoretical" distribution of the air speed along the tunnel can then be continuously 

compared to the actually measured values of the devices using the least squares 

method. Such a theoretical curve is shown below for the Gotthard road tunnel. Thus, if 

the actual measurements diverge too much from the theoretical curve the plausibility 

is questionable. 
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Figure 7: Gotthard road tunnel, theoretic calculated curve and measured values (x) 

3. The various observed malfunctions of flow devices during the 10 months period have 

demonstrated that the requirement formulated in the FEDRO technical sheet 23001-11320 

"Devices" – which states that the plausibility must be verified by at least three flow 

measurement devices, or by groups of devices – is indeed purposeful to ensure the 

reliability of the measurement system. 

4. In general, the results of the study show that the tested technologies can meet the 

necessary requirements, when the recommendations of this field study are taken into 

account, in particular regarding periodic and automated plausibility checks of the 

measured data (see chapter 4). 

5. As an outlook to the future, the development of standardized test procedures for 

plausibility checks is furthermore advised. 

4. RECOMMENDATIONS 

4.1. Recommendations to manufacturers 

The practical experience collected during the 10 months period of this field study lead to the 

following recommendations: 

• Stainless corrosion resistant instrument housing and mounting elements 

• Mechanically robust design 

• Stable electric and electronic components 

• Automatic exclusion off faulty measurements caused by physical boundary conditions 

(e.g. tunnel ceiling) and tunnel operation conditions 

• Improved device internal plausibility analysis and status return to control system 

• Maintenance interval 1 year or longer 

• Protection cover during tunnel washing, if required 

 

4.2. Recommendations to engineers 

While designing the system: 

• Accurate definition of measurement sections, installation and operating conditions 

• Accurate definition for the airflow devices 

• Suppliers must specify all parameters (no black-box) 

• Lowest average time of 10 seconds must be available in case of fire 

• Galvanic separation modules and surge protection shall be provided 

• Definition of commissioning test and calibration procedures  
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• Definition of periodic test procedures 

• Clear separation between data reduction within the device and the control system (e.g. 

correction factor, running average value) 

 

4.3. Recommendations to operators 

While operating the system:  

• Regular maintenance according the provider’s instructions 

• Record of operating statistics for every device (journal) 

• Periodic functional tests 

• After an event/fire the analysis of the airflow data is mandatory. 

 

4.4. Recommendations for FEDRO guidelines 

Ventilation guidelines 

• If airflow devices are an active part of the ventilation control system, periodic and 

automatic plausibility checks are required. 

• Plausibility check results must be stored (data warehouse archive). 

 

Technical data sheets 

• For point measurement devices, reference measurements are required during 

commissioning to obtain adequate correction factors for deriving the actual flow rate 

in the measurement cross section. 

• Correction factors to compute the volume flow rate shall be stored in the control 

system 

• Installation position: differentiation between linear and punctual devices 

• Point measurement devices: minimal overhead from sidewalk ≥ 2.50 m  

• Minimal distance from the wall ≥ 30 cm 

• Linear devices: minimal distance to the tunnel ceiling to avoid deflecting and aberrant 

results 

 

5. ACKNOWLEDGEMENT 

The authors thank the Federal Road Office for funding the project and the members of the 

advisory board for the constructive and helpful assistance. 

 

6. REFERENCES 

FEDRO, Guideline 13 001, Ventilation of road tunnel, Edition 2008, V2.01 

FEDRO, Technical data sheet ventilation 23001-11320, Devices, V1.01 

HSLU Lucerne, Determination of a reference volume flow rate with Tracergas to identify the 

air speed in two road tunnels. 

 


