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Abstract: This paper presents the results of hot smoke tests, conducted in a real road tunnel. The 9 
tunnel is located within the expressway S69 in southern Poland between cities Żywiec and 10 
Zwardoń. Its common name is Laliki tunnel. It is a bi-directional non-urban tunnel. The length of 11 
the tunnel is 678 m and it is inclined by 4%. It is equipped with the longitudinal ventilation system. 12 
Two hot smoke tests have been carried out according to Australian Standard AS 4391-1999. Hot 13 
smoke tests corresponded to a HRR (Heat Release Rate) equal to respectively 750 kW and 1500 kW. 14 
The fire source was located in the middle of the road lane imitating an initial phase of a car fire 15 
(respectively 150 m and 265 m from S portal). The temperature distribution was recorded during 16 
both tests using a set of fourteen thermocouples mounted at two stand poles located at the main 17 
axis of the tunnel on windward. The stand poles were placed at distances of 5 m and 10 m. The 18 
recorded data were applied to validate of a numerical model built and solved using Ansys Fluent. 19 
The calculated temperature distribution matched the measured values. 20 
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 22 

1. Introduction 23 

The development of a fire in a road tunnel is always a huge threat. The appearance of large 24 
amounts of toxic smoke makes it very difficult to evacuate people and the operation of rescue teams. 25 
The limited space of the tunnel means that the rapidly increasing temperature is also a threat. 26 

Evacuation of people from the tunnel should start as soon as possible. It begins after noting the 27 
fire - this applies to direct observers. However, it concerns all other endangered users of the tunnel 28 
only after activation of the fire emergency system. Activation of the fire system takes place after 29 
receiving a signal from a smoke detector, laser fiber sensor or tunnel technical service through video 30 
monitoring. The triggered fire signal activates sound and light systems that signal the necessity of 31 
evacuation. At the same time, the location where the signal was triggered informs the technical 32 
service and the emergency services about the place of fire development. This is of great importance 33 
for the operation of emergency services and for the activation of the fire ventilation system. Often, 34 
the fire ventilation system in the road tunnel is activated according to a specific emergency operation 35 
pattern, depending on the location of the fire. Such a working system is usually found in 36 
bidirectional tunnels. The safety of endangered people in the tunnel depends, to a large extent, on 37 
the speed of activation of the emergency system and the proper operation of the fire ventilation 38 
system under given conditions. During common daily operation of the tunnel, the fans are turned on 39 
for ventilation purposes or dilution of pollutants. The signal aroused by exceeding the permissible 40 
concentrations of traffic pollution or a decrease in visibility will cause the fans to switch on in the 41 
normal mode [1]. 42 

All road tunnels should be equipped with fire ventilation systems. Depending on the length of 43 
the tunnel and whether the road traffic is one or bidirectional, it can be equipped with longitudinal 44 
ventilation, transverse ventilation or semi-transverse ventilation. For tunnels up to 1000 meters long, 45 
longitudinal ventilation systems are most often designed. For longer tunnels, transverse ventilation 46 
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is designed. The operation of longitudinal ventilation is based on the operation of axial fans located 47 
under the tunnel ceiling. A design of a longitudinal ventilation system involves determining the 48 
number and arrangement of axial fans.  49 

The correct operation of longitudinal ventilation in a road tunnel is when the air accelerated by 50 
axial fans reaches the critical velocity and hot fumes are discharged through the nearest portal. In the 51 
initial growth phase of a fire, the critical velocity should be sufficient to ensure that both smoke and 52 
heat flow in the required direction. On the other hand, it should not disturb the natural stratification 53 
of smoke and air layers in the tunnel [2]. Smoke flow in the opposite direction is defined as 54 
backlayering. Backlayering can lead to complete smokiness of a tunnel. This phenomenon is strongly 55 
undesirable because it causes smoke to contaminate the entire tunnel despite the operation of the 56 
longitudinal ventilation [3]. Researchers are conducting a lot of studies to avoid this phenomenon 57 
during operation of fire ventilation. Gannouni used numerical analyses to study the impact of 58 
ventilation air velocity and the power of fire on the phenomenon of backlayering [4]. Studies on 59 
backlayering have shown that it can also occur locally in situations where the air velocity decreases 60 
near the tunnel walls or at its bend [5, 6]. On the other hand, Yao investigated the appearance of 61 
reverse smoke flow in tunnels with vertical ventilation ducts [7].  62 

The basic requirement for properly operating fire ventilation in the tunnel is to generate a flow 63 
with a specified critical velocity. It turns out, however, that many factors affect the value of this 64 
velocity. The one of them is the inclination of a tunnel. It causes additional airflow related to the 65 
natural stack effect. It is assumed, that if the inclination is greater than 1 – 2%, this fact should be 66 
taken into account when designing the ventilation system and determining the critical velocity 67 
[8,9,10]. The natural stack effect can be strengthened by the action of the wind [11]. It is obvious that 68 
if the slope of the tunnel and the wind blowing outside the tunnel affect the critical velocity value, 69 
these factors will also affect the flow of smoke in the initial phase of the fire. It may happen that the 70 
fire does not outbreak at once with very high power and in the initial stage the smoke does not reach 71 
high temperatures. Smoke of a low temperature, in the initial phase of a fire can float just over the 72 
road surface. This will result in an uncontrolled flow of smoke and consequently a delayed 73 
activation of the fire emergency system. 74 

Studying the phenomena occurring in the tunnel during the fire development is difficult. Both 75 
model studies [12-15] and numerical analyses [16-19] are used for this purpose. Many authors point 76 
to the lack of data from research in real tunnels, which could be the basis for the validation of 77 
numerical models [17,19]. Undoubtedly, numerical analyses are the cheapest and most willingly 78 
used way to study phenomena accompanying the development of fire and the operation of fire 79 
ventilation systems [20-23]. 80 

The numerical model of a road tunnel was presented in the article. The model was used to 81 
study the smoke flow in the tunnel under wind conditions. The model was validated using the 82 
results of tests carried out in a real road tunnel. The presented experimental research was actually 83 
wider and included the measurements of air flows too [11]. The article also presents a short 84 
description of the tunnel and tests with hot smoke. 85 

2. Description of the tunnel 86 

The tunnel is located on the S69 road and it links Żywiec and Zwardoń. The length of the tunnel 87 
is 678 m, the width is 11.9 m and the height is 6.55 m. The gradient (inclination) of the tunnel is 4%. 88 
The tunnel is not rectilinear (Figure 1). The northern portal has an elevation of 669 m a. s. l. and the 89 
southern portal has an elevation of 642 m a. s. l. 90 

 91 

Figure 1. The overlay of the tunnel and location of the fans. 92 
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The tunnel is divided into 5 sections, where the first is near the northern portal. Each section has 93 
two fans mounted. The emergency operation pattern of the fans is set up to activate them in a given 94 
section depending on the location of fire ignition. Figure 2 shows the division of the tunnel into 95 
sections and assignment of the fans. It presents also a part of the emergency operation pattern of the 96 
fans. 97 

 98 

Figure 2. Sections in the tunnel. Dimensions are given in meters; the figure is not to scale. 99 

The work of the fans was determined in such a way to avoid smokiness of whole the tunnel. 100 
The main rule was to remove smoke instead of allowing it to flow through the tunnel. For example, a 101 
fire in section 1 should initially activate fans 1V2 and 1V1 blowing in the N direction. A fire in 102 
section 2 should initially activate fans 2V2 and 2V1, also blowing in the N direction.  103 

The fans can also work in normal mode. The fans will turn on when the concentration of 104 
harmful substances in the tunnel is exceeded or the visibility decreases. The direction of operation of 105 
the fans in the normal mode is consistent with the direction of the natural draught in that tunnel, i.e. 106 
S→N. 107 

3. Experimental method 108 

3.1. Air velocity measurements 109 

Air velocity data was recorded by the ultrasonic gauge FLSE200H was taken into account for 110 
comparison purposes. The gauge manufactured by SICK MAIHAK Company was mounted under 111 
the tunnel ceiling at the distance of 114 from northern portal. Its measurement range was from -20 to 112 
20 m/s with accuracy of ±0.1 m/s.  113 

3.2. Hot smoke tests 114 

Two hot smoke tests have been conducted. They were based on the Australian Standard AS 115 
4391-1999 [24]. Five smoke generators made by the Vulcan Company and two or four fire trays 116 
(containing ethanol) were in use. According to the above standard, two fire trays of A1 size filled 117 
with 16 dm3 of ethanol give a heat output (HRR) of 700 kW, whereas four fire trays the same size 118 
produce a heat output (HRR) of 1500 kW. Such trays configuration and the amount of fuel should 119 
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assure the following sequence: 3 min of fire growth, 10 min of stable fire and 3 min of decay [24]. The 120 
trays were placed in the middle of the road lane (Figure 3). 121 

 122 

Figure 3. Configuration of the generators and trays during both hot smoke tests (left – two trays, right – 123 
four trays). 124 

Fourteen thermocouples, which were located at two pole stands, and a Flir thermo-vision 125 
camera, were used to determinate the temperature. The pole stands were located along the tunnel 126 
axis at distances of 5 m and 10 m from the final tray towards the S portal (Figure 4). 127 

 128 

Figure 4. Pole stands with thermocouples and a thirty-channel thermometer. 129 

The fans were turned on automatically in the first test. The details of the hot smoke test are 130 
given in Table 1. 131 

Table 1. Hot smoke tests – details. 132 

Test no. 
Start 
hour 

Location of measuring 
stand 

Number of 
generators 

Number of 
trays 

Fuel 
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1 17:17 150 m from S portal 5× Vulcan 2 × A1 Ethanol 
2 18:10 265 m from S portal 5× Vulcan 4 × A1 Ethanol 

 133 

4. Results 134 

4.1. Ambient conditions during the tests 135 

Wind strongly influences airflow and smoke flow in a tunnel (especially in a long one). Thus, 136 
wind velocity and direction were measured at both portals of the tunnel during the tests. An 137 
Ultrasonic anemometer WindMaster Pro, manufactured by Gill Instruments was used at the N 138 
portal. It allows for measurement of wind velocity in three dimensions by determination of 139 
particular vectors in 3D. However, only the horizontal velocity was taken into further consideration. 140 
The range was from 0 to 45 m/s. Accuracy was 1% RMS with resolution 0.01 m/s. The meteorological 141 
station Kestrel 4500 was used at the S portal. The range was from 0.4 to 40 m/s. Accuracy was 5% 142 
with resolution 0.1 m/s. Both devices were placed close to the portals to measure the actual wind 143 
parameters at the portals. The variations of wind velocity and wind direction during the tests are 144 
given in Table 2. 145 

Table 2. The variations of wind velocity and wind direction during the tests. 146 

 S portal N portal 
Time Wind velocity [m/s] Wind direction [˚] Wind velocity [m/s] Wind direction [˚] 
17:00 0.9 -124 0.7 -160 
18:00 0.7 -131 0.3 -126 
19:00 0.8 -118 0.4 -145 

 147 
Direction 0˚ corresponds to wind from N, 90˚ to E, ±180˚ to S and -90˚ to W. The atmospheric 148 

pressure was 942 hPa and was almost unchanged during the whole day. The temperature was also 149 
stable and varied between 7°C and 8°C. 150 

4.2. Hot smoke tests – temperature distribution      151 

Two hot smoke tests were carried out. During the first test, two trays containing ethanol were 152 
burned and this provided an HRR equal to 700 kW, according to the Australian Standard [24]. Two 153 
pole stands with mounted thermocouples were in use. They were placed on windward, respectively 154 
5 m and 10 m from the edge of the last tray. During the test, it turned out that the natural stack effect 155 
produced a strong natural airflow, forcing the smoke to flow almost horizontally (Figure 5) and no 156 
temperature increase at the thermocouples was detected. 157 

 158 

Figure 5. Horizontal direction of smoke flow during the first hot smoke test. 159 
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During the first test, the fire ventilation system was expected to turn on automatically. The first 160 
level of alarm was triggered in the 4th section instead of the 5th (Figure 6). The smoke was flowing 161 
towards the N portal due to the natural stack effect. The temperature of the smoke was low enough 162 
that the fire ventilation was not triggered. Ventilation system was switched on in normal mode 163 
because moving smoke caused a decrease of visibility. Hence, the visibility sensor gave a signal to 164 
start the ventilation system. As a result the fans started working in the 3rd section in the normal 165 
operation mode. 166 

 167 

Figure 6. Operation pattern of fans with the operating status of devices during the test. 168 

The location of the trays with burning ethanol is shown in Figure 6. The position of the 169 
visibility sensor in section 4th is also marked. The expected reaction of fire ventilation system is 170 
marked by dotted arrows, filled arrows shows the actual operation of the ventilation system in 171 
normal mode. As the trays with burning alcohol were located in 5th section, the proper fire 172 
detection should indicate the fire in this section. Therefore the fans in 1st section should be activated 173 
in the fire mode. However, eventually the fans were activated in the 3rd section in normal mode 174 
operation, what caused smokiness in whole tunnel. 175 

Four trays were applied in the second test. This provided an HRR equal to 1500 kW according 176 
to the Australian Standard [24]. The location of the test point was also moved (see Table 1), although 177 
the configuration of pole stands was the same as during the first test. Considering the strong natural 178 
stack effect [11], it was decided to cover partially the portal S by a curtain. The curtain covered 90% 179 
of the cross-section area of S portal, so the natural draught was diminished to the value of 0.6 m/s. 180 
During the second test, automatic detection of fire ventilation was turned off. Then a temperature 181 
increase was detected. The temperature distribution at 5 m and 10 m is given in Figures 7 and 8. 182 

 183 

 184 

Figure 7. Temperature distribution on windward at 5 m from the last tray. The height of a measuring point 185 
is given in meters. 186 
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 187 

Figure 8. Temperature distribution on windward at 10 m from the last tray. The height of a measuring 188 
point is given in meters. 189 

The second hot smoke test showed an increase of temperature on the windward side. A reading 190 
of 46˚C was recorded at a height of 5.6 m, 5 meters from the final tray. Due to relatively short time of 191 
the hot smoke test, the tunnel ceiling was not warmed up significantly – the temperature of the 192 
tunnel ceiling just above the fire, as measured by the thermo-vision camera, did not exceed 20˚C. As 193 
was already mentioned a residual natural flow remained, thus despite covering the S portal, smoke 194 
flow to the N portal was detected. Therefore, during this test, the leeward part of the tunnel was 195 
filled with smoke. 196 

5. The numerical analysis of a fire development 197 

5.1. Numerical modeling of combustion process 198 

The process of combustion is a very complex phenomenon. It involves many chemical 199 
reactions between the components of the fuel and the oxidant which produce various intermediate 200 
and final products and release large amounts of energy. Complex turbulent flows must be also 201 
taken into account. This is a reason why some simplifications and pre-assumptions are required. 202 
The more so, because the research is focused on conditions inside the object in fire rather than on 203 
details of the combustion process. There are two fire models available when using Ansys Fluent 204 
software [25]: 205 

 Species transport – the fire is modeled as a source emitting predefined combustion 206 
products. The mass flow rate and temperature of emitted species should be adjusted to fit the 207 
required fire heat release rate (HRR). This model requires only solving the additional transport 208 
equations for each taken into account specie. This approach omits entirely the details of combustion 209 
chemistry, thus it is unable to model the fire development controlled by ventilation. 210 

 Non-premixed combustion – with the main assumption that chemical reactions of 211 
combustion run very quickly, therefore they can be regarded as immediate in comparison with the 212 
flows of all considered chemical compounds. This assumption allows for treating of the combustion 213 
products (intermediate or final) and released heat as depending only on local composition of gases 214 
mixture and its temperature. 215 

5.2. Numerical model    216 
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The model consists of a tube representing the tunnel. Due to simplification, the curvature of the 217 
tunnel was neglected, but its inclination of 4% was kept. Both portals were modeled as ‘pressure 218 
outlet’ boundary condition. The atmospheric pressure is generated using User Defined Function 219 
(UDF) according to the formula describing the pressure decrease with the height: 220 

                        (1) 221 

Additionally, a dynamic pressure component was added to the pressure at southern portal to 222 
model the wind influence: 223 

     
      

 

 
         (2) 224 

The chemical reaction of combustion of ethanol in atmospheric oxygen runs according to 225 
following expression: 226 

          →               (3) 227 

Because the fire power in considered case was rather low and the fire development was 228 
controlled by amount of fuel, it is no need to analyze the details of combustion process. So the model 229 
of species transport was adopted. The net calorific value of ethanol is 27.2 MJ, therefore to obtain 230 
HRR equal to 1.5 MW 0.055 kg of ethanol must burned at a second. As the result of combustion 231 
process, according to reaction (3) 0.105 kg of CO2 and 0.065 kg of H2O is produced per second. Such 232 
values are assumed when defining the fire source as mass flow inlet. The temperature of emitted 233 
gases was so adjusted to achieve the required HRR. According to Australian Standard [24] the initial 234 
phase of fire growth should last about 3 min and this was confirmed qualitative using the 235 
thermo-vision camera during the tests. Therefore this fact was taken into account by applying an 236 
UDF, which controlled the amount of emitted combustion products in the relevant way. 237 

Because of relatively low fire power, the effect of radiative heat transport can be neglected. It 238 
was checked with the use of thermo-vision camera. In such circumstances there was no radiation 239 
model used. 240 

The quality of results of numerical modeling, especially when modeling fluid flows with RANS 241 
(Reynolds Averaged Navier-Stokes) approaches strongly depends on numerical mesh used. To 242 
assure the proper reproducing of the flows close to the fire the volume surrounding the fire and 243 
convective plume above was meshed with denser grid. Five inflation layers were added in the 244 
vicinity of the tunnel walls, ceiling and floor. The mesh was generated use the cut cell assembly 245 
method, what allowed for almost regular mesh. The mesh sensitivity of the model was checked in 246 
steady calculation mode. Figure 9 shows the comparison of the results for three meshes of different 247 
densities, which are described in Table 3. 248 

Table 3. Preliminary test meshes. 249 

Mesh No of elements No of nodes 
Coarse 184980 189026 
Medium 319799 324590 
Fine 486257 494184 

 250 
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Figure 9. Temperature distribution at the tunnel axis on windward at 5 m and 10 m from the last tray for 251 
three mesh densities. 252 

As it can be seen the results for medium and fine meshes were almost the same, thus the model 253 
with fine mesh can be regarded as mesh independent. Finally, the fine mesh was selected for 254 
successive calculations. Table 4 contains a summary of the numerical model. 255 

Table 4. Numerical model summary. 256 

Feature  Value 
Turbulence model  k-omega SST 
Fluid material  Air + CO2 + H2O (ideal gas) 
Combustion model  Species transport 
Fuel / combustion products  Ethanol C2H5OH / CO2 + H2O 
Radiation model  none 
Operating pressure  94200 Pa 
Gravitational acceleration  9.81 m/s2 

Solver  Pressure based 
Calculation mode  Transient 
Time step  Adaptive (0.01 s – 0.1 s) 
Pressure / velocity coupling  PISO 
Under-relaxation factors Pressure 0.2 
 Momentum 0.2 
 Energy 0.95 
 Species 0.8 
 Others Default 
Wall roughness   0.1 m 

 257 

5.3. Numerical results and validation    258 

The main aim of numerical analyzes was to reproduce the temperature distribution. Figure 10 259 
and Figure 11 show the comparison of the measured temperatures with the calculated ones (the 260 
experimental data are the same as in Figures 7 and 8). The period of first 180 seconds of hot smoke 261 
test was taken into account. It was because in this period the fire developed in an undisturbed way 262 
(after then the fans were switched on manually to check the efficiency of smoke removal system). 263 
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 264 

Figure 10. Temperature increase on windward at 5 m from the last tray. Prefix M denotes measurement, 265 
prefix F denotes Fluent calculation. 266 

 267 

Figure 11. Temperature increase on windward at 10 m from the last tray. Prefix M denotes measurement, 268 
prefix F denotes Fluent calculation. 269 

As it can be seen the results of numerical analyses agree with the measurements at least 270 
qualitatively. The temperature distribution and its variability in time are almost fully reproduced 271 
just under tunnel ceiling in close vicinity of the fire. It especially concerns the values of temperature 272 
measured by thermocouples mounted on the stand pole at the distance of 5 m from the last tray at 273 
the heights of 4.9 m and 5.6 m. It can be explained taking into account the fact that the buoyancy 274 
forces are significant there due to high temperature, so this portion of air is not susceptible to 275 
accidental gusts. Figure 12 shows the calculated temperature distributions in 160 second after the 276 
fire outbreak for two tunnel longitudinal cross-sections. The length of the shown tunnel section is 277 
about 114 m. 278 
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 279 

Figure 12. Temperature distributions in 160 second of fire development: a) at a plane of fire source, b) at 280 
the tunnel symmetry plane. 281 

According to the expectations the gases moved towards the N portal because of the natural 282 
draught and the tunnel inclination. However, despite the relatively low fire power a portion of hot 283 
gases was able to move backward, what caused the measured temperature increase on windward. 284 
The extent of this backward movement of hot gases was estimated as about 20 m.   285 

Figure 13 shows the calculated temperature distributions at the same time moment for two 286 
perpendicular tunnel cross-sections, which were located on both sides of fire source at a distance of 5 287 
m. Worth noting is the fact that the point of the maximum temperature at the tunnel ceiling is not 288 
located just above the fire, but is shifted to the other side. This observation can be explained taking 289 
into account the velocity distribution shown in Figure 14. 290 

 291 

Figure 13. Temperature distributions in 160 second of fire development at two perpendicular 292 
cross-sections at a distance of 5 m from fire source: a) on windward, b) on leeward. The plane of fire source 293 
is marked 294 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 January 2018                   doi:10.20944/preprints201801.0264.v1

Peer-reviewed version available at Energies 2018, 11, 590; doi:10.3390/en11030590

http://dx.doi.org/10.20944/preprints201801.0264.v1
http://dx.doi.org/10.3390/en11030590


 12 of 14 

 

 295 

Figure 14. Visualization of velocity vectors in 160 second of fire development at two planes: a) at the plane 296 
of fire source, b) on a perpendicular cross-section at the leeward edge of trays. 297 

As it can be observed the convective plume is slanted due to the natural draught. When the hot 298 
gases reached the ceiling they spread to both sides and flowed downward due to vault shape of the 299 
ceiling. Then, the downward movement was stopped by the buoyancy. It caused the accumulation of 300 
the hot gases at a distance beneath the ceiling. Additionally, the results of calculations showed that 301 
the fire caused the increase of the average longitudinal air velocity in the tunnel from about 0.60 m/s 302 
to 0.66 m/s. 303 

6. Discussion and conclusions 304 

The described studies and tests allowed for better understanding of phenomena which occurred 305 
in tunnels in a case of fire. Obviously, the hot smoke tests were limited by the fact that they were 306 
carried out during temporarily traffic shutdown in the real tunnel (commonly in a normal 307 
operation). Therefore, the maximum fire HRR was limited to 1500 kW, meanwhile according to 308 
British Standard [26] the heat flux of typical passenger car burning is 400 kW/m2 and the area of fire 309 
is approximately 10 m2, what gives 4000 kW for a fully developed fire. The average time of fire 310 
increase is about 10 minutes, but it varies in very wide range: between 5 and 15 minutes according to 311 
experiments [27]. Furthermore, the value of HRR for a truck in fire can reach up to 30 000 kW. 312 
However, as was mentioned in the Introduction section, the special attention must be paid to the 313 
initial phase of a fire development. This phase and the time factor are crucial taking into account the 314 
possibility of evacuation of threatened people. Thus, studies on low power fires which have just 315 
started to developed are very important because their results allow for assessing the conditions in a 316 
tunnel and the operation of live-saving systems. It was exactly the result of the first described test, 317 
which revealed the wrong operation of fire detection system.    318 

The numerical analyses are nowadays willingly applied method of examining the operation of 319 
fire ventilation systems in tunnels. It is because the real tests are difficult to carry out. However, one 320 
should have in mind that numerical models without validation are not quite reliable. Despite the fact 321 
that the presented experiment was only a simulation of a real fire it gave a number of measured data, 322 
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which were utilized for validation of numerical model. The presented results show that the model is 323 
validated correctly. Fire mapping in the numerical model seems to be accurate. The accordance of 324 
measured and calculated temperatures at a higher distance from the fire source looks worse, but the 325 
differences does not change the overall view of the situation. The numerical model validated by 326 
experimental data can be responsibly applied for further research on any fire configuration. 327 
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