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ABSTRACT 

In 2023, NFPA 502 changed from the absolute prevention of backlayering (critical velocity) 

to allowing some backlayering (confinement velocity). That made sense for tunnel safety. 

However, it is not clear how to design for that. NFPA 502 does not provide any guidance on 

how to determine such a confinement velocity and there is no reliable calculation method that 

can be used for real (full-scale) tunnels. The complexity of determining confinement velocity 

and the parameters that influence backlayering are explored. Those influences are quantified 

via a CFD model validated for critical velocity, also understanding the importance of 

parameters like wall roughness, wall temperature etc. Surprisingly, in some circumstances, 

confinement velocity is no less than critical velocity. Guidance on how to approach 

confinement velocity for real projects is also offered. 
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1. INTRODUCTION

Strategies for smoke control during tunnel fires vary considerably. Different countries have 

different approaches through their national standards. One of the philosophies is to prevent 

smoke propagation upstream of the fire by achieving critical velocity. Other philosophies 

acknowledge the adverse effects of higher airspeeds on smoke layer mixing, fire growth rates 

and peak heat release rates (HRR), and apply a lower velocity, accepting some upstream 

propagation of a hot smoke layer. That can be specified as a fixed velocity that is lower than 

critical velocity (e.g. 1.0 to 2.0 m/s) or allowing smoke backlayering up to a fixed length (e.g. 

30 m). The low velocity approach minimises the risk of adversely affecting the egress 

conditions during the self-rescue phase, but, depending on the actual fire scenario and tunnel 

parameters, the smoke layer can propagate upstream for distances of several metres up to a 

couple of hundred metres. The maximum allowable backlayer approach is a compromise 

between low velocity, with the risk of having ‘uncontrolled’ upstream propagation of a smoke 

layer, and achieving high velocities for an absolute prevention of upstream smoke 

propagation. A tunnel air velocity that confines upstream smoke propagation to a specific 

distance is termed a confinement velocity. A more comprehensive discussion on the different 

smoke management philosophies can be found in [1] and [2]. 

NFPA 502, the national standard in the US, historically proposed a ‘critical velocity’ 

approach, but with the 2023 edition [3], changed its terminology from preventing backlayering 

to controlling backlayering, and now refers to a confinement velocity. However, even if such 

an approach is desired, no guidance on how to achieve confinement velocity is offered in the 

standard. Also, the literature does not provide information that can reliably be used for design 

purposes. Full-scale fire tests are rare, expensive and usually designed for a particular purpose, 

where it is often not possible/reasonable to draw conclusions outside of the test purpose. The 

Memorial Tests [4], [5], [6], for example, were designed (among other purposes) for analysing 

ex
am

ple



-368- 

 

12th International Conference ‘Tunnel Safety and Ventilation’ 2024, Graz 

critical velocity over a wide range of fire heat release rates. So, the focus was on identifying 

the condition where the thermal force generated by the fire was balanced by the pressure force 

of the longitudinal airflow approaching the fire [4]. Beyond that point, no steady state 

backlayering length in combination with almost constant air velocity and fire heat release rate 

were explicitly documented in the test reports. Also, the instrument loops upstream of the fire 

beyond the first loop were too widely spaced to observe either the backlayering distance 

accurately or the steadiness of a backlayer.  

Full-scale tests were also performed in the Koralmtunnel, again with fire pans, but with 

smaller fire heat release rates, up to 20 MW. The purpose of those tests was to analyse smoke 

ingress into cross passages with the focus on measuring temperature distribution and analysing 

smoke propagation downstream of the fire. Based on observations during the field tests, a 

smoke backlayering length for selected tests are documented with an uncertainty of several 

metres [7]. The stated backlayering length (in [7]) occurred just before reaching peak-HRR, 

with no indication whether either the smoke propagation or the HRR were stable at that time. 

Also, the upstream air velocity was not kept constant during the fire tests (as stated in [7]), 

and therefore a conclusion on confinement velocity (backlayering length vs. upstream air 

velocity) can’t be made reliably.  

There are numerous small-scale tests based on Froude scaling [8], [9], [10], [11], [12], [13], 

[14], [15] with the objective to analyse critical velocity and/or backlayering length for 

different fire settings. However, as discussed in [16] and [17], the Froude number widely used 

for Froude scaling misses the buoyancy term that is very important for the backlayering flow 

regime. There is no evidence that the data produced in small-scale tunnels can be scaled up to 

a real tunnel by any parameter, and therefore it is unclear if the flow regime established in the 

small-scale tunnels represents the situation in a real tunnel. Any proposed equation for 

calculating a backlayering length, confinement velocity, or critical velocity derived from such 

small-scale tests needs to account for all relevant physics before it could be considered for use 

for real tunnels. To date, attempts to find non-dimensional relations to allow appropriate 

scaling of the relevant physics have fallen short. 

As discussed above, there is not much guidance available on how to approach confinement 

velocity for fires in real tunnels. So, as designers, how do we poke a stick at it?  

Beyer, Stacey & Brenn [17] recently proposed a mixed convection model for estimating 

critical velocity for smoke control in road tunnels. As the flow regimes relevant to critical 

velocity and confinement velocity are expected to be very similar, the important aspects that 

influence critical velocity according to [17] will likely also influence the confinement 

velocity. Before addressing confinement velocity, the main findings on critical velocity 

provided by [17] will be summarised. 

2. CHARACTERISTICS OF FLOW REGIME 

When achieving critical velocity or confinement velocity, the buoyancy force relevant for 

developing a backlayer of hot smoke is in the order of the inertial force relevant for pushing 

the smoke downstream. Such a flow regime can be defined as mixed convection and 

characterised by the Richardson number 𝑅𝑖 = 𝐺𝑟/𝑅𝑒2 (strength ratio between natural 

convection and forced convection). Interestingly, a similar definition of the Richardson 

number is sometimes quoted as ‘critical Froude number’ in the tunnel community and fire 

engineering field [18], [19], [20]. However, it is important to note that the ‘critical Froude 

number’ is very different to the Froude number behind the so-called Froude-scaling of such 

flows. The number that has been used for scaling represents the ratio of the inertial force to 

the gravity force and neglects the buoyancy term. Froude number is central for any isothermal 
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fluid flow which can be significantly influenced by the body force due to gravity (e.g. water 

waves in open channel flows), but it does not characterise buoyancy driven flows and therefore 

should not have been used for scaling attempts [16], [17].  

In the Richardson number, the Grashof number 𝐺𝑟 is a measure of the natural convection and 

the Reynolds number 𝑅𝑒 a measure of the forced convection. Using the tunnel hydraulic 

diameter 𝐷ℎ
  as the relevant length scale for the forced convection and the tunnel height from 

the fire base 𝐿𝑛
  as relevant for the natural convection, the velocity relevant for upstream smoke 

propagation 𝑈  can be expressed [17] as: 

𝑈 = 𝐾𝐹𝐾𝑔
 (

𝑔𝐿𝑛
3

𝐷ℎ
2

1

𝑅𝑖

∆𝑇

𝑇𝑎 + ∆𝑇
)

1 2⁄

 (1) 

The temperature 𝑇𝑎 refers to the ambient temperature of the approaching air. Appropriate 

definition of the parameters 𝐾𝐹, 𝐾𝑔
 , 𝑅𝑖 and ∆𝑇 for estimating critical velocity will be 

summarised in the following section. For a more comprehensive discussion refer to [17]. 

3. CRITICAL VELOCITY 

The following section provides a short summary of the physical model for estimating critical 

velocity as presented in [17]. The intention here is to discuss the essential parameters that 

influence critical velocity as they will also be relevant for the even more complex flow regime 

around confinement velocity.  

For critical velocity it is assumed that the strength of forced convection is of the same order 

as the strength of natural convection, which requires that the Richardson number in equation 

(1) is unity.  

One of the challenges is, to identify an appropriate temperature difference ∆𝑇 relevant for the 

buoyancy term. As discussed in [17], the first aspect that is important for estimating the 

effective temperature difference is the fire intensity (heat release rate per unit area). The more 

heat that gets released per unit area, the higher is the density deficit and thus the buoyancy 

force. That is, the relevant buoyancy force for establishing a backlayering is not necessarily a 

function of the fire heat release rate. This was also observed during the Memorial Tunnel tests 

where the fire heat release was increased by adding fire pans (same fire intensity) in the 

longitudinal direction with the result that the observed critical velocity value was essentially 

unchanged between 20 MW and 100 MW [4]. The second important aspect is how much of 

the front bit of the fire contributes to the buoyancy force relevant for creating a backlayer. 

When increasing the fire heat release rate by extending the fire in the longitudinal direction 

but keeping the fire width and fire intensity the same, the contribution of the downstream bit 

of the fire to the density deficit at the front of the fire becomes less important the longer the 

fire gets. According to [17], the contribution of the fire front in the effective temperature 

difference ∆𝑇 was found to be a function of the ratio between fire length and the length scale 

relevant for natural convection.  

The mixing of the approaching air with the hot plume gases is the final important factor that 

influences the effective temperature difference. In [17] it is acknowledged that some of the 

approaching air passes the fire front without interacting with the hot plume. With a smaller 

plume frontal area, the hot plume gases are mixed with less of the approaching ambient air 

and the initial smoke layer temperature is reduced less. Along with the fire width influence 

below, this addresses the aspect ratio correction that was seen to be required on all methods 

that evaluated temperature rise using the total flow. 
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The influence of the plume frontal area on the approaching flow is another effect of the width 

scales of the fire and the tunnel, also detailed in [17]. If the plume frontal area is small 

compared to the tunnel area (wide tunnels), a bigger fraction of the flow avoids the rising 

plume, with the plume less affected by the air slipping easily around it. For a wider fire with 

a plume area nearly as big as the tunnel area, a higher fraction of the flow momentum is 

‘opposing’ the plume so that the velocity required to prevent backlayering goes down. The 

influence of the plume width on critical velocity in [17] was found to be a function of the ‘free 

area’ around the plume and is considered by the factor 𝐾𝐹 in equation (1).  

The final interesting outcome in the study provided in [17] is that the influence of the tunnel 

grade on the critical velocity can be neglected for tunnels with typical gradients (±6%). That 

is, the grade factor 𝐾𝑔 in equation (1) becomes unity. When critical velocity is achieved and 

backlayering prevented, the gravity vector in the Grashof number that is relevant for the 

natural convection stays nearly the same for small tunnel slopes and so it is plausible that the 

critical velocity is not influenced by typical tunnel slopes. However, while a typical tunnel 

slope does not influence the critical velocity, it still has huge implications in the required 

ventilation power to achieve/maintain the required critical velocity, due to the buoyancy 

effects related to the hot smoke gases downstream of the fire.  

With considering the essential effects on the relevant temperature difference for the buoyancy 

force and the influence of the fire width, together with the conclusion on the grade factor, the 

physical model for estimating critical velocity as proposed in [17] is able to predict critical 

velocity values for the relevant full-scale test as well as the measured dimensional values in 

small scale tunnels, all within an acceptable accuracy. As the physics relevant for upstream 

smoke propagation for fires in tunnels seems to be adequately captured with those equations, 

it appears to be an appropriate starting point for discussing confinement velocity. 

4. CONFINEMENT VELOCITY 

4.1. Influence on Local Fire Plume Dynamics 

For confinement velocity (lower than critical velocity) the inertial force reduces relative to the 

buoyancy force so that the two forces are not in the critical velocity equilibrium, and hot 

smoke starts propagating upstream. This refers to a Richardson numbers >1 in equation (1). It 

is pretty straightforward how a change in the velocity upstream of the fire changes the inertial 

force, but it is difficult to estimate what it does to the effective temperature difference relevant 

for the buoyancy force ∆𝑇 and the fire width dependency as discussed in Section 3. We 

explore this a bit further. 

The fire intensity influence on ∆𝑇 will be similar to the ‘critical’ case, but as smoke starts 

propagating upstream more of the fire length may contribute to the plume front that influences 

the buoyancy force. That potentially requires an adjustment of the relevant empirical 

parameters derived in [17]. The backlayering restricts the free flow area upstream of the fire, 

and potentially lowers the height at which the plume enters the smoke layer. That reduces the 

fraction of the fresh air mass flow that mixes with the plume, likely causing a higher ∆𝑇. 

However, as the backlayering restricts the area for the approaching flow, there is less space 

for the air to get around the plume and that seems likely to cause a higher deflection of the 

plume (higher momentum onto the plume front) and more mixing into the plume (relative to 

the free upstream velocity). Consequently, the factor 𝐾𝐹 might increase or stay the same. Both 

effects (plume front area definition for mixing and plume deflection) of course depend on the 

thickness of the backlayering (e.g. frontal area of the backlayering versus tunnel area) and 

potentially offset each other. Based on that rationale, it seems likely that the buoyancy force 

stays more or less the same between critical velocity and confinement velocity if the 
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backlayering is stable and the length is limited (e.g. 20 to 50 m). Figure 1 and Figure 2 

compare the temperature and velocity distributions resulting from a simulation of a 50 MW 

pool fire at some confinement velocity, and without upstream smoke propagation (critical 

velocity). 

Any differences in the relevant/effective buoyancy force between critical velocity and 

confinement velocity for small backlayering distances could be tied into a modified 

Richardson number 𝑅𝑖𝐵 = 𝑅𝑖 ∙ 𝑓𝐵 required for restricting backlayering. According to equation 

(1) that would lead to following relation of confinement velocity 𝑈𝐵.  

𝑈𝐵 
= 𝐾𝐹𝐾𝑔

 (
𝑔𝐿𝑛

3

𝐷ℎ
2

1

𝑅𝑖𝐵

∆𝑇

𝑇𝑎 + ∆𝑇
)

1 2⁄

 (2) 

4.2. Influence on Backlayer Dynamics 

Equation (2) above may describe the initial momentum of the backlayering once backlayering 

starts to grow due to the imbalance of buoyancy and inertia force, but it does not address the 

physics relevant for the resulting backlayering length based on that imbalance. As an example, 

for the same tunnel air velocity (< critical velocity), the backlayering extent for a very rough 

tunnel wall will be lower than the backlayering extent for a very smooth tunnel wall. So, wall 

roughness likely is important as it reduces the resulting momentum of the backlayer, applying 

a retarding shear on the layer to supplement the shear from the flow underneath the layer. 

There are other effects related to heat transfer, thermal radiation, shear layer between the 

backlayering and approaching flow and tunnel slope that influence the resulting momentum 

and propagation of the backlayer. The heat transfer between the backlayering and the cooler 

tunnel wall, the thermal radiation between the underside of the backlayering and the cooler 

surroundings, and the mixing within the shear layer, all reduce the temperature of the hot 

smoke layer while moving upstream. That temperature reduction, as well as the interaction 

with the approaching air in the shear layer, reduces the resulting momentum of the 

backlayering and thus the upstream propagation of the hot smoke. The effect of the heat loss 

due to thermal radiation is assumed to be minor. Part of the cooler smoke in the shear layer 

flows against the backlayering and back to the fire front. That counterflow insulates the hot 

smoke layer adjacent to the tunnel ceiling and reduces heat loss by thermal radiation. If the 

tunnel is sloped, the gravity component in the longitudinal direction would have an additional 

effect on the resulting momentum of the backlayering due to the buoyancy force, and likely 

on the shear layer. Even if a typical tunnel slope does not affect critical velocity [17], it 

intuitively seems likely to affect the propagation of the backlayering.  

The upstream smoke propagation stops, and is perhaps stable, once all the effects are in 

equilibrium. However, the backlayering may still slowly creep upstream while the tunnel wall 

adjacent to the backlayering gets hotter over time and so slowly reduces the heat transfer from 

the backlayer into the tunnel wall. A first estimation of the time-dependent temperature rise 

in the tunnel lining based on a one-dimensional transient heat transfer calculation (see Fehler! 

Verweisquelle konnte nicht gefunden werden.) shows that the wall heat flux adjacent to the 

backlayering decreases by 15% after 10 minutes, by 20% after 20 minutes and by 40% after 

120 minutes. That suggests that the wall heat flux in the first 20 minutes reduces as much as 

in the following 100 minutes. With an important timescale of 20 minutes, there is only a slim 

chance of wall heating being important to egress. Tunnel shape and profile is a further aspect 

that likely influences the backlayer thickness and propagation (e.g. curved ceiling vs. flat 

ceiling, or horseshoe profile vs. rectangular profile with lower air velocity at the corners).  
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All of the above would be required to be appropriately implemented in a physical model, and 

possibly incorporated into equation (2), to be able to estimate a backlayering distance. In a 

further step, the empirical model would need to be adequately validated against a systematic 

parameter study or preferably, against full-scale test data. However, while full-scale test data 

are preferred, it will be very difficult to achieve a steady flow field with a backlayer of any 

significant length. 

4.3. CFD study 

To explore the influences on the propagation of the backlayering a bit further, a CFD model 

was created based on the proposed methodology used for evaluating critical velocity by 

Beyer & Stacey [21]. The overall methodology, mesh type and resolution as well as boundary 

conditions were kept the same. The simulation software ANSYS Fluent [22], [23], [24, 25] 

was used. The modelled tunnel has a typical 3-lane TBM profile with a cross section area of 

93 m2 with a hydraulic diameter of 9.9 m and a height from floor to ceiling of 8.92 m. The 

tunnel domain has a total length of 500 m. The fire source was placed 300 m downstream of 

the inlet portal on the floor in the middle of the tunnel. Adopted design fire parameters as 

proposed in [17] for a 50 MW fire, and other input parameters, are listed in Table 1.  

Table 1.: Input parameters used for the CFD model. 

Parameter Value 

Tunnel air temperature 30°C 

Wall temperature (constant) 30°C 

Wall roughness height KS 0.0015 m 

Tunnel slope Flat (0%) 

Total Fire HRR 50 MW 

Radiative fraction 0.2 

Fire width 2.5 m 

Fire intensity 2.25 MW/m2 

Fire length 8.889 m 

Fuel Fuel-oil (C19H30) 

Combustion efficiency based on total HRR (relevant for additional 

CO2 and H2O source) 
0.95 

 

Based on the initial CFD model as described above, the critical velocity (no backlayer) and 

the confinement velocity for a backlayer length of 30 m was analysed to understand the 

variation in velocity between the two conditions.  

In a further step, the influence of the tunnel slope, wall roughness and wall heating on the 

backlayer length were analysed. In all simulations, the confinement velocity (that was 

necessary in the base case to maintain the backlayer distance to 30 m) was kept the same and 

the variation in backlayering length compared to the base case CFD model. For the tunnel 

slope sensitivity, the results of the flat tunnel were compared to tunnels with 4% and 8% 

downgrade. The wall roughness influence was analysed by increasing the wall roughness 

height by a factor of 5, and also by simulating a smooth wall. Regarding wall heating, the 

initial simulation with a constant wall temperature (equal to approaching air temperature) was 

compared to a simulation where the wall temperature was increased in the upstream region 

where the smoke layer interacts with the tunnel wall. The wall temperature in the remaining 

upstream section and downstream of the fire front (between front of the fire and exit portal) 
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was kept constant, as before. The wall temperature was estimated based on a one-dimensional 

transient heat transfer calculation (see Fehler! Verweisquelle konnte nicht gefunden 

werden.). Appropriate values for smoke temperature adjacent to the wall, and a heat transfer 

coefficient within the smoke affected region upstream of the fire were evaluated based on the 

initial simulation (30 m smoke backlayer). The surface wall temperature after 60 minutes 

resulting from the one-dimensional calculations was used as the wall boundary condition for 

the simulation with the heated wall. The comparison of the simulations should provide 

information about the variation on backlayering length due to the wall heating effect for a fire 

that lasts approximately 60 minutes.  

In a final step, critical and confinement velocities for a train fire in a rail tunnel with 3% 

downgrade were analysed. The train has a frontal area of approximately 8.4 m2 and was 

stationary in the tunnel. The head of the train is positioned 300 m downstream of the entry 

portal. The fire source (1.8 m wide and 22 m long) is sitting on the floor of the second carriage 

and has a total HRR of 15 MW. As a “worst case” scenario (less train blockage and 

smoke/heat can more easily escape the carriage), it is assumed that the glass of all the windows 

was broken and that the doors at one side of the fire carriage were opened. The TBM tunnel 

profile has a free flow area of approximately 27.2 m2, a hydraulic diameter of approximately 

3.9 m and a total height of 5.4 m. The floor of the carriage is 1.13 m off the tunnel floor. With 

those parameters, the average annular velocity over the train is 1.446 times the average 

upstream velocity. The train wall was assumed to be adiabatic with a wall roughness height 

of 0.25 mm. Also, the walls of the installations (e.g. cable trays) were assumed to be adiabatic. 

The tunnel wall was simulated with a constant temperature of 21.4°C (same as ambient 

upstream air temperature) and a wall roughness height of 1.5 mm. All other input parameters 

and simulation settings were according to Table 1 and [21].  

4.3.1. Results of the CFD Study 

Critical velocity versus confinement velocity: The established critical velocity in the first 

simulation was slowly reduced until a steady state backlayering distance of 30 m was 

established. For the assessed tunnel and fire parameters, the critical velocity and confinement 

velocity are 3.54 m/s and 3.28 m/s respectively. Figure 1 and Figure 2 compare the 

temperature and velocity distributions at critical and confinement velocities. As discussed in 

Section 4.1, the comparison of the temperature field around the fire confirms that the plume 

shape and temperature distribution is very similar between critical and (30 m) confinement 

velocity. In the critical velocity simulation, the fire is spread downstream a bit more, as the 

velocity onto the flame front is slightly higher (see Figure 2) compared to the case with 

confinement velocity. Also, the temperature at the upper part of the plume close to the ceiling 

is slightly higher with the lower confinement velocity airspeed.  

Figure 2 indicates that while the average upstream velocity in the case of a 30 m backlayer is 

less than critical velocity, the velocity under the smoke layer and onto the fire is nearly as high 

as for the critical velocity case. This of course is related to the smoke layer thickness reducing 

the free area for the upstream flow. Figure 3 illustrates the temperature profile for the case 

with smoke backlayering, and the velocity profile for both cases (50 MW in a flat tunnel). The 

temperature profile provides information on the shear layer thickness (approximately 2.5 m in 

this case) and the velocity profile gives information on the velocity gradient in the shear layer 

(from -1.5 m/s to 4.2 m/s in this case). It is interesting to see that, below the smoke layer, the 

approaching velocity at the front of the fire pans for the lower confinement velocity case is 

higher than for the critical velocity case. However, while hard to see in Figure 2, the velocity 

onto the flame front is still slightly higher with critical velocity.  
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When assuming that the overall fire plume dynamics can still be described by equation (1) (𝑅𝑖 
at critical velocity is 1.0) the modified Richardson number 𝑅𝑖𝐵 required for maintaining a 

backlayer distance of 30 m would be 1.25 according to equation (2) (𝑈𝐵 
= 𝑈𝑐/√𝑅𝑖𝐵). That 

implies that the model assumptions (e.g. tunnel profile, wall roughness, tunnel slope, wall 

temperature etc.) and the subsequent influences on the backlayer and fire plume dynamics are 

included in the modified Richardson number. Any difference in the model assumptions would 

either result in a different backlayer distance (if a steady state layer still arises) or in a different 

modified Richardson number to achieve the same backlayer distance of 30 m. 

 

 

 

 

 
 

Figure 1: Contour plot of temperature distribution through the middle of the tunnel for critical 

velocity (top) and confinement velocity (bottom) – Initial CFD model. Temperature is clipped to 

1000 K for better presentation. 

 

 

 

 

 
 

Figure 2: Contour plot of velocity distribution through the middle of the tunnel for critical 

velocity (top) and confinement velocity (bottom) – Initial CFD model. Velocity is clipped to 7 m/s 

for better presentation. 
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Figure 3: Velocity and temperature profile at the fire front for confinement velocity, and velocity 

profile for critical velocity. The profiles were taken on a vertical line from tunnel floor to ceiling 

in the symmetry plane of the tunnel profile. 

 

Tunnel slope influence: To explore the slope influence on the upstream smoke propagation, 

the initial simulation with confinement velocity in a flat tunnel was repeated for a 4% and 8% 

downgrade. All the other parameters were kept the same, including the oncoming airspeed. 

The results at 4% downgrade were surprising. Instead of getting the expected increase in 

smoke backlayering distance, the smoke backlayer length was reduced by approximately 50% 

and oscillated between 10 m and 15 m. The simulation with the 8% downgrade tunnel showed 

a similar outcome. Fehler! Verweisquelle konnte nicht gefunden werden. compares the 

temperature distribution in the flat tunnel with that in the sloped tunnel (4% downgrade) and 

depicts the amplitude of the smoke layer oscillation (transient behaviour) observed in the 

sloped tunnel. Temperature and velocity distribution for the tunnel with the 8% downgrade 

are shown in Fehler! Verweisquelle konnte nicht gefunden werden., at nearly the maximum 

extent of the smoke advance, before the smoke backlayer moved backwards again. Based on 

that flow field, the velocity and temperature profile at the fire front were compared in Fehler! 

Verweisquelle konnte nicht gefunden werden. to the profiles obtained for the flat tunnel 

(according to Figure 3). Examination of the flow field and the profiles confirmed that the 

additional buoyancy force in the smoke backlayer increases the velocity in the backlayer. That 

results in more smoke volume propagating upstream (higher smoke mass flow), creating a 

thicker smoke backlayer. The higher speed and the thicker backlayer increase the shear layer 

and the shear stress onto the backlayer (relative velocity between smoke backlayer and 

approaching air). That also seems to create instability in the flow, which of course increases 

mixing. It may be a moot point whether the extra shear or the instability cause the effect seen, 

as they are causally linked, but the effect is clear; that the smoke layer can’t propagate further 

upstream. In the unstable behaviour, the smoke layer increases in thickness and finally gets 

caught by the approaching air, mixed down and pushed back towards the fire, before it starts 

over again. While the smoke layer increases in thickness, the velocity onto the fire increases 

as well so that the fire plume behaviour and the generated buoyancy force likely change in 

favour of pushing the smoke layer back (assisting the oscillation). Fehler! Verweisquelle 

konnte nicht gefunden werden. shows that the peak velocity of the smoke propagating 

upstream in the tunnel with 8% downgrade is almost twice as high as in the flat tunnel. Also, 
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the smoke layer thickness increases by approximately 1 m. Despite these factors that would 

be expected to increase the backlayering length, the backlayer is much smaller. 

 

5. COMMENTARY AND CONCLUSION 

From a fire life safety perspective, it makes sense to reduce the tunnel air velocity onto the 

fire so far as is reasonably practicable [27] [28] to optimise conditions for egress. This 

approach has been common practice especially in Europe via the PIARC [29] and national 

standards [28], [27], [25] but is also acknowledged in the 2023 version of NFPA 502 [3]. 

Instead of having a fixed design velocity depending on ventilation system and traffic 

conditions as usually adopted in Europe [29], [28], [27], [25], NFPA 502 [3] permits a design 

velocity (confinement velocity) that controls upstream smoke propagation to within a limiting 

length (e.g. 30 m).  

As there is no guidance on how to establish confinement velocity, the essential physics on 

smoke propagation and confinement velocity were re-visited. Based on the mixed convection 

model for estimating critical velocity for smoke control in road tunnels [17], the local fire 

plume dynamics relevant to establishing or preventing upstream smoke propagation were 

summarised. Once smoke is propagating upstream, additional parameters and effects become 

relevant. The most important parameters influencing the backlayer dynamics were discussed, 

and their influences on the backlayer distance explored by means of a CFD model validated 

for critical velocity. The outcomes of that study, based on the fire and tunnel characteristics 

investigated were that: 

• For a typical high arched road tunnel, the difference between critical velocity and 

confinement velocity with a 30 m smoke backlayer was found to be approximately 

7%.  

• Confinement velocity is actually lower in downgrade tunnels. For the same airspeed 

confining smoke to 30 m upstream in a flat tunnel, backlayer distance was reduced by 

50% for the 4% and 8% downgrade tunnels. 

• The heat transfer from the upstream smoke layer to the tunnel wall increases the wall 

surface temperature over time which causes the smoke layer to slowly propagate 

upstream and increases the backlayer length by 18% over a period of 60 minutes.  

• Compared to a typical tunnel wall roughness (roughness height of 0.0015 m), a smooth 

wall increased backlayer length by 19%. Backlayer length was reduced by 75% for a 

wall roughness that was 5 times higher than the typical value.  

• Especially in highly blocked tunnels (e.g. rail tunnels), once critical velocity value is 

already very low (<2 m/s), confinement velocity is no different to critical velocity. 

However, those outcomes are based on a limited CFD study, with only one fire scenario in 

each example tunnel. It is unclear how the effects that were explored might impact the 

upstream smoke propagation for different fire scenarios, tunnel geometries or different 

confinement velocity definitions (e.g. accepted backlayer length). For the time being, it is 

recommended to use a CFD model validated against critical velocity (as proposed in [21] and 

discussed in this paper), with the hope that the additional physics involved in the backlayer 

are still captured well enough to not invalidate the outcome. 
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