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ABSTRACT (EN) 

Fires in tunnels can have severe consequences. Examples are the BAKU metro tunnel fire of 1995 (289 
fatalities and 265 injuries), the Mont Blanc road tunnel fire of 1999 (all 39 occupants died) and the Daegu 
subway tunnel fire of 2003 (over 192 fatalities) [1]. Life safety is not naturally guaranteed in tunnels, 
neither is structural stability or traffic continuation. Therefore, a comprehensive risk assessment of 
existing and new designs is indispensable. Such a risk assessment requires a reasonably fast and 
accurate smoke behaviour model. One-dimensional, one-layer models provide fast simulations but are 
not able to predict stratification or back-layering phenomena. 

A model is developed in Python 3.9. It considers the separation of a hot smoke layer and a cold fresh 
air layer. Analogue to the two-zone models for enclosures, it employs a plume correlation. In addition, a 
velocity correlation is used to simplify the fluid dynamics. Unlike simple empirical correlations, the model 
is not only able to predict the back-layering length, but also the temperature, velocity, and thickness 
profiles of the smoke layer. The model considers the tunnel’s geometry, applied ventilation strategies 
and fire parameters. Moreover, it can be elaborated to consider changing cross-sections, slopes, 
thermal material properties, entrainment… Unlike complex three-dimensional CFD calculations, the 
results are obtained almost instantaneously. 

The outcome of the simulations (critical velocity, temperature profiles and back-layering length) is 
compared to simple (semi-) empirical correlations and to small-scale and large-scale experimental data. 
In general, a satisfactory agreement is found. For high heat release rates, causing temperature rises 
above 1350 K, the model loses accuracy and requires further research. The effect of the deflected back-
layering flow on the flow, downstream of the fire, also necessitates additional investigation. 

Keywords: Tunnel fire safety • Smoke behaviour • Stratification • Back-layering • Critical velocity • 
Longitudinal ventilation • One-dimensional model • two-layer model 
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ABSTRACT (NL) 

Branden in tunnels kunnen ernstige gevolgen hebben. Voorbeelden zijn de brand in de metrotunnel  van 
Baku in 1995 (289 doden en 265 gewonden), de brand in de Mont Blanc-tunnel van 1999 (alle 39 
aanwezigen stierven) en de brand in de metrotunnel van Daegu in 2003 (meer dan 192 doden) [1]. In 
tunnels is de levensveiligheid tijdens brand niet vanzelfsprekend en evenmin is de structurele stabiliteit 
of de verkeerscontinuïteit. Bijgevolg is een uitgebreide risicobeoordeling van bestaande en nieuwe 
ontwerpen onmisbaar. Een alomvattende risicobeoordeling vereist een schappelijk snel en nauwkeurig 
rookmodel. Eendimensionale modellen die één laag veronderstellen, verschaffen snelle simulaties maar 
zijn niet in staat om stratificatie of backlayering te voorspellen. 

In dit rapport wordt een model voorgesteld (geschreven in Python 3.9) dat rekening houdt met de 
scheiding van een warme rooklaag en een koude luchtlaag. Analoog aan het twee-zones-model voor 
omsloten ruimtes, hanteert het model een rookpluim correlatie. Bovendien wordt een correlatie gebruikt 
voor de snelheid van de rooklaag om zo de berekeningen te vereenvoudigen. In tegenstelling tot 
eenvoudige empirische correlaties, kan het model niet alleen de lengte van de rooklaag voorspellen, 
maar ook het temperatuur-, snelheid- en hoogteprofiel van de rooklaag. Het model houdt rekening met 
de geometrie van de tunnel, toegepaste ventilatiestrategieën en brandparameters. Bovendien kan het 
worden uitgebreid om rekening te houden met wisselende dwarsdoorsneden, hellingen, thermische 
materiaaleigenschappen, vermenging… Anders dan de complexe driedimensionale CFD-
berekeningen, worden de resultaten bijna ogenblikkelijk verkregen. 

De uitkomst van de simulaties (kritische snelheid, temperatuurprofielen en de backlayeringlengte) wordt 
vergeleken met eenvoudige (semi-) empirische correlaties en met data van kleinschalige en 
grootschalige experimenten. Over het algemeen wordt een bevredigende overeenkomst gevonden. Bij 
hoge warmteafgiftesnelheden, met temperatuurstijgingen van meer dan 1350 K, is het model minder 
nauwkeurig en vereist het verder onderzoek. Het effect van de terugkerende backlayeringlaag op de 
rooklaag stroomafwaards van de brand, behoeft ook nog bijkomend onderzoek. 

Sleutelwoorden: Tunnelbrandveiligheid • rookgedrag • stratificatie • backlayering • Kritische snelheid • 
Longitudinale ventilatie • eendimensionaal model • tweelagenmodel 
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1 INTRODUCTION 

In this chapter, the problem statement is given, followed by a summary of existing risk assessment 
methods. Next, the objective of this dissertation is discussed, as well as the structure of the rest of this 
report. 

1.1 Problem statement 

Tunnel fire safety has been a growing concern over the last decades. The first reason is the increasing 
amount of tunnel constructions and their complexity. This can be seen in Figure 1, which shows the 
tunnel meters for some member state of the European Union. Moreover, in the list of the ten longest 
road tunnels, eight have been finished after the turn of the century [2]. The same statement is valid for 
the list of railway tunnels and the list of continuous metro tunnels [2]. The second reason is a change in 
traffic. Traffic is becoming denser: in tunnels like the Mt Blanc Tunnel (1965) and the St Gotthard Tunnel 
(1981), the traffic flow has doubled in less than twenty years [3]. Moreover, the properties of the vehicles 
are changing. The use of plastic components has increased to an average of 150 kg per new passenger 
car in 2016 and continue to increase in a steady linear manner with about 3 kg every year [4]. These 
plastic components have a major contribution to the heat release rate of passenger cars in a fire. 
Moreover,  the new energy carriers require special attention. In 2020, cars that use gasoline and diesel 
still make up 96% of all passenger cars in Belgium. However, due to environmental awareness and 
political support, the share of electric cars will increase significantly during the lifetime of new tunnels. 
In five years, all new company cars in Belgium will be electric [5]. Those company cars make up one-
fifth of the passenger car fleet [6]. Other European countries plan to prohibit the sale of new fossil fuel 
cars entirely in the next two decades [7]. 

As a consequence of those trends, tunnel fire safety requires more attention. Although traffic accidents 
occur less frequently in road tunnels than on the open road, the consequences of a fire can be far more 
serious. Carvel and Marlair grounded this statement with a long list of accidents [1]. Figure 1 shows the 
human losses in tunnel fire incidents in the European Union in a more concise manner. The lists and 
figures prove that life safety is not naturally guaranteed in tunnels, but neither is property protection or 
traffic continuity. This is well illustrated by the Mt Blanc tunnel fire of 1999, as it took three years before 
the tunnel could reopen [8] at a direct construction cost of approximately 206 million EUR [9].  

The same insight came to the European Economic Community (EEC), which published the Directive 
2004/54/EC on minimum safety requirements for tunnels in the Trans-European Road Network (TERN) 
[10]. Among other things, the EEC stated that a comprehensive risk assessment is required. 

  
Figure 1: Tunnel meters for some countries (left) and human loss in tunnel fire incidents in Europe (right) [11] 

The graphs are redrawn from Ntzeremes and Kirytopoulos [11] who used data from NTUA [12]. 

Nevertheless, no assessment framework has been developed in Belgium yet. Due to the current and 
future projects, such as the construction of the Oosterweel verbinding and the renovation of multiple 
TERN tunnels like the Liefkenshoek tunnel, Fire Engineered Solution Ghent (FESG) started to develop 
such a risk analysis framework [13]. 
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1.2 Existing risk assessment methods 

According to article 13 of Directive 2004/54/EC, a risk analysis is required at the design phase of new 
tunnels and the renewal of safety documentation of new and existing tunnels of the TERN (at least every 
six years). Every member state of the European Union has to ensure that a clearly described 
methodology is followed corresponding to the best practices known [10]. However, multiple authors like 
Beard [14], Ntzeremes and Kirytopoulos [11], [15], [16] and Bjelland [17] state that current assessment 
methods are not considering the knowledge available in literature sufficiently. 

An evaluation of the tunnel risk assessment methods has been published by Ntzeremes and 
Kirytopoulos in 2019 [11]. The methods discussed in this study are shown in Table 1. 

Table 1: Overview of the European risk assessment methods for tunnel fires, adopted from Ntzeremes et al. [11] 

Member state Name of the model Type of risk approach Type of transport Type of method Year of publication 

Austria 
TuRisMo System-based Non-dangerous goods Quantitative 2007 
OECD/PIARC QRA System-based Dangerous goods Quantitative 2007 

France 
SHI Scenario-based Non-dangerous goods Quantitative 2003 
OECD/PIARC QRA System-based Dangerous goods Quantitative 2005 

Germany 
BASt Scenario-based Non-dangerous goods Quantitative 2010 
OECD/PIARC QRA System-based Dangerous goods Quantitative 2006 

Greece 
SAM Scenario-based Non-dangerous goods Quantitative 2011 
OECD/PIARC QRA System-based Dangerous goods Quantitative 2011 

The Netherlands 
DSA Scenario-based Non-dangerous goods Qualitative 2008 
RWS System-based Dangerous goods Quantitative 2008 

Italy IRA System-based Both types of goods Quantitative 2009 

Some of the findings of the article are listed here: 

• All methods treat the system parameters as deterministic values. None of them deals with the 
uncertainties of these input parameters, which do influence the obtained safety of the design. 

• To determine the possible accident rate, all methods use statistical data. Most methods do not allow 
to take into account important aspects of the tunnel design (such as length, curvature, lightening…) 
to determine an accurate and specific accident rate. The same is true for preventive measures (such 
as imposed maximum speed, minimum distance…). Therefore, the methods do not facilitate to trade 
off preventive and mitigating measures, which is essential for an efficient risk reduction. 

• The different methods lead to very different outcomes since they assume different scenarios and 
different standard fire behaviour. The obtained level of safety is very sensitive to some assumptions, 
among which the heat release rate curve. Moreover, some methods have sets of scenarios that fail 
to represent the complete risk properly. 

• With exception of the SHI method and the SAM method, no information is given about the 
evacuation speed and its relation to the smoke concentration. Only the SAM method employs the 
principle of fractional effective dose. 

• None of the methods can take into account the effect of FFFS. Although those systems are not 
common in Europe, they have shown some potential safety benefits in other countries, like Japan. 

• The ease of use, the reliability and the cost of safety measures are not considered in any method. 

It should be noted that some of the conclusions, made by the authors, do not consider the newest 
versions of the risk assessment methods. For instance, in the Netherlands, an update has been 
performed seven years before the release of this paper which replaces the two old methods. The intake 
of smoke gasses to determine the evacuation velocity and incapacitation are now considered [18]. The 
same is true for TuRisMo, which was updated five years before the release of this overview [19]. 

The World Road Association has reported on the ‘Current Practice For Risk Evaluation For Road 
Tunnels’ in 2013 [20], which can be consulted for a more extensive description. Unsurprisingly, some of 
the discussed models have been updated since this report. 

In the following subsections, some methods are discussed in more detail. 

TuRisMo 

TuRisMo is the Austrian Tunnel Risk Model, which was published in 2008 as a response to the Directive 
2004/54/EC and updated six years later. The model consists of a frequency analysis and a consequence 
analysis. [21] 
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The frequency analysis applies event trees to identify a set of characteristic incident scenarios (collisions 
and fires) and to calculate their frequencies. The consequence analysis consists of two parts: one for 
the direct consequences of a collision and one for the consequences of a fire. The collision consequence 
model provides standardized damage impacts for different collision categories based on a statistical 
study. The categories distinguish between bidirectional and unidirectional tunnels, single vehicle, rear-
end and front-end collisions and different types of vehicles involved. [22] 

For the fire consequence model, a standard or detailed model can be chosen. For the standard model, 
the damage impacts are included from premade calculations with standard tunnels. The values are only 
a valid approximation for a certain range of tunnels [22] but are obtained instantaneously. The extensive 
calculations for the detailed multi-scale model could be summarized in three main steps, performed for 
each scenario [19]: 

• a one-dimensional flow simulation (in SPRINT) 

• a three-dimensional CFD simulation (in FDS), using boundary conditions from SPRINT 

• a one-dimensional evacuation simulation (in ODEM) is performed for each scenario 

The evacuation simulation is one-dimensional in the sense that possible obstacles are not considered 
and that the travel path is approximated by the longitudinal distance. Separate agents represent the 
tunnel users, which start evacuation starting from a certain level of obscuration. Their evacuation speed 
and incapacitation are determined by the dose of gasses (CO, CO2 and HCN) the agents are exposed 
to. The gas concentrations of the CO, CO2 and HCN originate from the FDS and the SPRINT 
simulations. 

A list of all parameters that are considered in the risk model is given on the website of the model [22] 
and more details about the model can also be found in [23], [24]. The following aspects are not explicitly 
considered: 

• probability distributions of input parameters 

• fixed firefighting systems (FFFS) 

• new energy carriers 

• structural damage, traffic effects or costs 

• risks related to the transport of dangerous goods 

ASTRA Bayesian network 

Although Switzerland is not a member state of the European Union, it aims to fulfil the requirements of 
Directive 2004/54/EC [25]. The Federal Roads Office of Switzerland, ASTRA, developed a method that, 
just like the Italian method, employs a Bayesian approach [26] and is therefore substantially different 
from the other methods. The use of Bayesian networks in risk assessments is a recent, promising 
development that allows relatively accurate predictions. Moreover, the method provides clear graphical 
representations which can facilitate designers and authorities [27]. 

ASTRA applies two Bayesian networks: one network for the transport of non-dangerous goods and one 
for the transport of dangerous goods. These networks calculate the frequency of incidents and their 
consequences at once, using statistical data. The method can consider the uncertainties of the input 
data to estimate the uncertainty of the output data. [26], [28] 

For projects that are still in the design phase, not all input parameters might be known, and general 
statistical distributions are applied. For projects with a final design, a detailed study is required, in which 
all general distributions are replaced by values specific to the tunnel. [28] 

When known parameters are filled in, the network takes into account the conditions in the tunnel that 
deviate from the general statics and therefore decreases or increases the change of injuries and deaths 
due to car accidents and fire accidents. When parameters are not constant over the length of the tunnel, 
the tunnel is divided into homogenous segments (for instance, a straight segment and a curved 
segment). The method is then applied to the segments separately. [28] 

A major drawback of this method is that it requires quantifying numerous conditional probabilities. Many 
of those conditional probabilities seem to be based on engineering judgment and are hardly ever 
accompanied by indisputable arguments in the background documentation. For instance, when a fire 
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occurs at a moment that the traffic is providing 150 GJ/km, there is a 99% chance of a 5MW and a 1% 
change of a 30MW fire. No explanation is offered. 

However, to estimate the changes in injuries and deaths, a semi-empirical method is used. A set of 
simulations is performed in SPRINT and ODEM to generate response surfaces. These response 
surfaces allow ASTRA to make a fast and rough prediction of injuries and deaths, taken into account 
four parameters (inclination, fire load, distance between emergency exits and length of the tunnel). The 
applied ventilation is considered by choosing between five key ventilation strategies. To consider the 
effect of deviating strategies, an interpolation between the effect of the key strategies is applied. [19], 
[28] 

Last, Bayesian methods complicate the anticipation of changes to the system. For example, the effect 
of new technologies, like lane assistance, electric cars or FFFS will only be taken into account when 
they are represented in the statistics or when a prior distribution is proposed, based on expert 
judgement. 

RWS QRA-tunnels 

QRA-tunnels 2.0 is a program developed by the Rijkswaterstaat (Directorate-General for Public Works 
and Water Management of the Netherlands) in 2012. It replaces the previous version, RWSQRA 1, 
which was published in 2006 [29]. The new version deals with risks related to NDG and DG traffic. 

The model consists of an event tree analysis, in which the chance of each scenario is calculated, and a 
scenario tree analysis, in which the consequences of each scenario are calculated. The two analyses 
combine into a bow tie model, which describes the risk. [30] 

The consequence analysis uses constant smoke velocities. For this purpose, sixty simulations are 
performed in FDS. In these simulations, two different lengths, two different ventilation methods and 
fifteen different heat release rates are considered. The premade simulations are used to predict the 
smoke velocity of the tunnel in question. The influence of length, ventilation and heat release rates are 
assumed to be linear [18]. In other words: a similar approach is applied as in the previous method, but 
now the ‘response surfaces’ are assumed to be linear. The resulting smoke velocities are then used in 
a simple one-directional evacuation model. Occupants of the tunnel will start evacuating when visibility 
is reduced (below 5m) or when the operator is demanding to do so. Their walking speed is influenced 
by the dose of gasses they breathe. Incapacitation is also considered [18]. 

The risks relating to dangerous goods and alternative fuels (CNG, LPG, H2) are considered in seven 
scenarios, among which vapour cloud explosions and boiling liquid expanding vapour explosions. The 
transport of nitrogen and carbon dioxide is also included in those scenarios since those gasses can 
endanger occupants once they are released into the tunnel’s atmosphere. Electric battery fires are not 
considered [18], [31]. 

Just as with TuRisMo, probabilistic distributions, FFFS or electric cars are not taken into consideration. 
Structural damage, traffic continuity or other costs are overlooked as well since the goal of the method 
is to assess life safety only. 

OECD/PIARC DG-QRA 

The World Road Association (PIARC) and the Organisation for Economic Co-operation and 
Development (OECD) have developed a quantitative analysis method for risks related to the transport 
of dangerous goods. This method has been employed by many countries, including some member 
states of the European Union, to assess the risks of large fires, explosions and toxic releases. [32] 

The method calculates the intrinsic risk of the tunnel and compares, if necessary, the risk of alternative 
routes. Both are calculated in a similar manner as in the RWS QRA method: a quantitative frequency 
analysis (which includes thirteen representative scenarios) and a quantitative consequence analysis are 
combined. The consequence analysis contains a one-dimensional and a two-dimensional tool to 
determine the events in the open air and another one-dimensional tool for events inside tunnels. [20] 
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1.3 Objective 

The goal of the research project of FESG is to provide a holistic framework to assess the fire risk of 
tunnels in Belgium. The framework will allow designers, operators, and authorities to choose between 
different design options and trade off different safety measures. The framework will be called Fire 
Integrated Environment for Risk Comprehension and Evaluation (FIERCE) and will incorporate new 
knowledge from recent studies to go beyond the already existing risk assessment models for tunnel 
fires. The framework will include, among other things, the following features [13]: 

• probabilistic distributions of input values to deal with the uncertainty of the input data. 

• a one-dimensional fluid dynamics model to efficiently solve a high number of scenarios. 

• a one-dimensional evacuation model which considers the influence of visibility and intoxication to 
determine the evacuation speed and incapacitation. 

• a fire development model to implement the fire spread between different vehicles. Not only 
traditional vehicles, but also the so-called new energy carriers will be implemented (LPG, CNG, H2, 
electric batteries…). The effect of active measures like sprinklers will be taken into account as well, 
just as the fire fighter intervention. Calculations will determine the time of activation and intervention, 
as well as their reliability. 

• a traffic model that will determine the effect of the traffic on the fire (draft and piston effect) and the 
effect of the fire on the traffic (congestion upstream of the fire). 

• a structural model to estimate the level of damage to the structure of the tunnel, considering the 
applied passive protection. Also direct (repair) and indirect (traffic discontinuity) costs will be 
estimated. 

The development of this framework will be divided over the complete R&D department of FESG. This 
thesis will focus on one package of the framework: the one-dimensional fluid dynamics model. Currently, 
the one-dimensional model assumes that all flow properties (velocity, temperature, density, smoke 
concentration…) are uniform over the cross-section. However, a hot buoyant smoke layer might spread 
along with the ceiling and distinguish itself from the cold air layer below, as shown in Figure 2. 

 
Figure 2: One-dimensional models assuming one layer (above) and two layers (below) 

Therefore, the following research question will be treated to contribute to this model: 

How can the back-layering effect upstream and stratification downstream of the fire seat be 
predicted by the one-dimensional fluid dynamics model in a fast and reliable manner, which is 

useful to evaluate life safety and structural stability? 

More practically, the model will be developed in Python 3.9 that considers two layers: a cold air layer 
and a hot smoke layer. Both layers are still one-dimensional (uniform properties along the layers’ cross-
section). This model does require solving balances for mass, momentum, energy, and species, just like 
the one-layer model. Moreover, it requires some correlations to describe the interaction between the 
layers. 
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In order to evaluate life safety, the length, thickness, and temperature of these layers are of high 
importance. The entrainment of smoke in the fresh layer should also be considered. To evaluate the 
structural stability of the tunnel, the temperature close to the ceiling is the single most valuable property. 

1.4 Structure of the report 

The remainder of the report is divided into four chapters. In the following chapter, the phenomena of 
stratification and back-layering are described, and different prediction techniques are explored. Several 
correlations that predict the level of stratification, critical velocity, and back-layering length, are 
examined. Chapter 3 deals with one-dimensional models. The main concept is clarified, as well as the 
set of governing equations they require to describe the fluid dynamics. Existing models are briefly 
mentioned as well. The fourth chapter elaborates on the methodology of the proposed model. It also 
contains thorough discussions on the correlations that are employed by the model. The outcome and 
the sensitivity of the model are presented in Chapter 5, as well as a comparison with prediction 
techniques from the literature and experimental data. Last, a conclusion is drawn, and the references 
are given. 
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2 STRATIFICATION AND BACK-LAYERING 

In this chapter, the concepts of smoke stratification and back-layering are described, as well as some 
correlations that allow for rough predictions of the level of stratification and the back-layering length. 

2.1 Introduction in stratification 

In this dissertation, the term stratification is used to describe the separation of the hot smoke layer and 
the cold air layer. During fires and other combustion processes, the chemical potential energy of the fuel 
is transformed to heat. For most fuels and fires, 60 to 80% of this heat releases as hot smoke 
(convection), the rest radiates towards the environment [33]. In tunnels, this hot smoke will rise to the 
ceiling and spread sideways. (see Figure 3, region I). This warm upper layer implies a risk for people 
underneath it as it radiates heat downwards and pollutes the cold lower layer with smoke gasses. 
Additionally, it can compromise the structural stability of the tunnel. 

The stratification is reinforced by buoyancy (the difference in density of the two layers) and counteracted 
by turbulence [34]. Therefore, stratification will be most prominent close to the seat of the fire – where 
the smoke layer has its highest temperature – and decreases downstream as the smoke layer cools 
down (see Figure 3, region II and III). Moreover, high heat release will lead to more buoyancy and 
strengthen the stratification, while strong ventilation flows will intensify the turbulent mixing of the two 
layers and undermine the stratification. 

 
Figure 3: Stratification regions for a tunnel with a ventilation flow that moves to the right, redrawn from [35]. 

Temperature profiles are shown in red. Note that region I and region II might be absent in certain scenarios. 

In the following section, some parameters are presented which can be used as an indicator of the level 
of stratification. 

2.2 Existing stratification predictions techniques 

Stratification and back-layering can easily be observed from experiments. However, experiments can 
only be performed after the construction and are financially costly and time-consuming, especially when 
a high number of scenarios needs to be evaluated or when the test fires cause damage. Therefore, this 
approach is not practicable for every tunnel nor every scenario. 

Another way of accurately defining the stratification or back-layering, are three-dimensional 
computational fluid dynamics (CFD) simulations. During those simulations, the Navier-Stokes’ equations 
are solved numerically to obtain the properties of the fluids in the domain. The results of CFD 
calculations are generally accepted as accurate when the simulation is set up properly. Unfortunately, 
a proper set-up still forms a stumbling block. Moreover, the calculations can be exceedingly 
computationally costly. This is especially true for large domains such as tunnels, even when the domain 
is reduced to the segment close to the seat of the fire. Such a method is used in the detailed 
consequence analysis of the Austrian TuRisMo (multi-scale simulations). However, it is inadequate for 
assessment methods that consider numerous scenarios, such as the probabilistic methods, like 
FIERCE. 

One-dimensional models have much lower computation cost and can therefore be used in probabilistic 
risk assessments to simulate the smoke spread in numerous scenarios. One-dimensional models that 
consider two-layers, can employ empirical correlations to determine if a one-layer of a two-layer 

Region I Region II Region III
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assumption is the most appropriate. The model SpitFire, for instance, employs a densimetric Froude 
number as the threshold between the two assumptions [36]. 

Richardson number 

In 1922, Richardson published a dimensionless number that expresses the ratio of buoyancy and flow 
shear as an indicator of the stability of stratification [37]. Although the number is originally meant for two-
dimensional flows (atmospheric and oceanic flows), it can also be employed for one-dimensional flows 
as well. 

For a tunnel where a hot smoke layer with density 𝜌ℎ and layer thickness 𝑑 is located above a cold air 

layer with density 𝜌𝑐, the Richardson number is expressed as follows: 

𝑅𝑖 =  
𝑔(𝜌𝑐 − 𝜌ℎ)𝑑

𝜌ℎ𝑢𝑟
2 =

𝑔(𝑇ℎ − 𝑇𝑐)𝑑

𝑇𝑐𝑢𝑟
2

(2-1) 

where 𝑢𝑟 is the relative flow velocity of the two layers. 

A low Richardson number indicates that the inertial forces dominate over the buoyancy forces. Some 
authors [38]–[40] came with limiting Richardson numbers which indicate the level of stratification. Since 
these limits are also expressed as Froude numbers, they are discussed below. 

Froude number 

In 1930, Weber defined the Froude number as the ratio of the inertial forces and the gravitational forces 
[41]: 

𝐹𝑟 =
𝑢

√𝑔𝑑
(2-2) 

However, in tunnel fire safety engineering, the literature often refers to the densimetric Froude number 
𝐹𝑟𝜌. This number accounts for the specific gravity and therefore relates to the Richardson number: 

𝐹𝑟𝜌 =
𝑢𝑟

√𝑔′𝑑
=

𝑢𝑟

√𝑔
𝜌𝑎 − 𝜌𝑠
𝜌𝑎

𝑑

=
1

√𝑅𝑖
(2-3)

 

Just as a low Richardson number, a high Froude number indicates destratification. Newman defined 
three stratification regions, with different levels of stratification, as shown in Figure 3. In the first region 
(RI), clear stratification is present. In the second region (RII), stratification is less prominent and in the 
third region (RIII), it disappeared entirely. Newman suggests that clear stratification occurs for Froude 
numbers lower than 0.9, and that stratification practically disappears for Froude numbers above 10. 
However, he defined the Froude number slightly different. He replaces the relative velocity with the 
average velocity and the dimensionless density difference with a temperature difference between the 
ceiling and the floor. Moreover, the height of the smoke layer is replaced by the height of the tunnel. The 
formula is given below. [42] 

𝐹𝑟𝑁 =
𝑢𝑎𝑣𝑔

√𝑔
𝑇𝑐 − 𝑇𝑓
𝑇𝑎𝑣𝑔

𝐻

(2-4)

 

Nyman and Ingason compared formula (2-4) with small- and large-scale experiments and found that a 
Froude number of 3.2 represents the transition between region I and region II better [43]. Ever since, 
more research has been performed. Table 2 summarizes some proposed limits. 
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Table 2: Different Froude numbers as a limit of stratification region 

Source Data* Froude number RI ↔ RII RII ↔ RIII 
Newman (1984) [42] S 𝐹𝑟𝑁 0.9 10 

Yang, Hu et al. (2010) [38] S 𝐹𝑟𝜌 1.02 2.4 

Nyman and Ingason (2012) [34], [43] S & L 𝐹𝑟𝑁 0.9 3.2 

Tang, Li et al. (2017) [39] S 𝐹𝑟𝜌 0.66 0.80 

Tang, Zhao and Zhao (2020) [40] S 𝐹𝑟𝜌 0.44 1.05 

*(S = small scale smoke experiments, L = large scale fire experiments, N = numerical experiments) 

Stratification length correlation by Zeng, Xiong et al. (2018) [44] 

Zeng, Xiong et al. performed small scale experiments and numerical experiments. They obtained a 
correlation for the dimensionless length over which stable stratification occurs in longitudinal ventilated 
tunnels. This correlation is given in equation (2-5). 

𝐿𝑠
∗ =

𝐿𝑠

�̅�
= 10.79 𝑙𝑛 (

𝑄∗

𝑢∗3
) − 4.06 (2-5) 

with 

�̅� =
4𝐴

𝑃
, 𝑄∗ =

𝑄

𝜌𝑎𝑐𝑝𝑇𝑎√𝑔�̅�
5
, 𝑢∗ =

𝑢

√𝑔�̅�
 

This simple formula allows for stratification length predictions as a function of the dimensionless HRR 
and the dimensionless ventilation velocity. Unlike the technique with local Richardson numbers and 
Froude numbers, it does not allow to take into account the heat losses (towards the walls) or other 
modelled effects (entrainment, extraction, variable tunnel width…). 

2.3 Introduction to back-layering 

In tunnel tubes with one-directional traffic, the smoke is typically blown away in the same direction as 
the traffic to ensure that people can evacuate safely from the tunnel. This strategy rises from the 
assumption that people downstream left the tunnel in their vehicles quickly without any problem and that 
people upstream are stuck. To prevent smoke from spreading upstream, the critical ventilation velocity 
could be applied [45]. This is the minimum longitudinal ventilation velocity to prevent a reverse flow of 
smoke. When lower ventilation velocities are applied, some smoke will flow upstream along with the 
ceiling. Back-layering is defined as the development of this flow (the back-layering flow) reverse to the 
ventilation flow [45]. Figure 4 visualizes the concept. 

In intense fires, the ventilation system might lack the capacity to produce the desired critical velocity. 
Moreover, subcritical velocities might even be preferred when there are people present downstream, for 
instance when traffic congestion occurs. Therefore, it is important to understand back-layering and to 
predict the layer properties when performing a risk analysis. In order to evaluate life safety, the length, 
thickness, and temperature of this layer are of high importance. The entrainment of smoke in the fresh 
air layer should also be considered. To evaluate the structural stability of the tunnel, the temperature is 
the single most valuable property. 

The back-layering flow properties can easily be observed from experiments or three-dimensional 
computational fluid dynamics (CFD) simulations. However, as mentioned before, both approaches are 
undesirable for risk assessments. Therefore, back-layering predictions are sometimes limited to the use 
of rough empirical correlations. Many authors have researched back-layering length predictions but not 
all authors have validated their correlations against large scale experiments with high heat release rates. 
Hence, attention to the validity limitations and accuracy of the correlations is required. 

In the next section, a few of the many correlations are mentioned to predict the critical velocity and the 
back-layering length. Note that all predictions are only established for the critical velocity and the back-
layering length. No simple correlations exist to assess other essential properties, such as temperature 
and thickness of the back-layering flow. 
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Figure 4: Illustration of the critical ventilation velocity its effect on back-layering 

2.4 Existing critical velocity prediction techniques 

In this section, a few critical velocity correlations are discussed. Many more can be found in the literature. 

Critical velocity prediction by Thomas (1958) [46] 

Thomas reasoned that back-layering would be prevented when the kinetic energy of the ventilation flow 
exceeds the kinetic energy of the hot smoke layer. The latter kinetic energy originates from the potential 
gravitational energy, without considering conversion losses. Both kinetic energies equate when the 
Richardson number (or the densimetric Froude number) is equal to 1. Moreover, he wrote the density 
difference as a function of the convective heat and the entire mass flow rate. Therefore, he implicitly 
assumes that at this critical velocity, no stratification will occur. The equation is given below [46]: 

𝑢𝑐𝑟 = (
2𝑔𝐻�̇�

𝜌0𝑐𝑝𝑇𝑓𝐴
)

1
3

(2-6) 

Critical velocity prediction by Danziger and Kennedy (1982) [47] 

Danziger and Kennedy compared Thomas equation with the small scale experiments of Lee [48] and 
found that the critical densimetric Froude number varies between 4.5 and 6.7 and proposed to use 4.5 
for predictions. To obtain the critical velocity and the smoke temperature, an iteration process is 
required. The formulae are given below [49]. 

{
 
 

 
 
𝑢𝑐𝑟 = (

𝑔�̇�𝑐𝐻

𝜌0𝑐𝑝𝑇𝑓𝐴𝐹𝑟𝑐𝑟
)

1
3

𝑇𝑓 = 𝑇0 +
�̇�𝑐

𝜌0𝑐𝑝𝐴𝑢𝑐𝑟

(2-7) 

Critical velocity prediction by Wu and Bakar (2000) [50] 

In 1995, Oka and Atkinson derived a formula starting from a dimension analysis and performed small 
scale experiments [51]. The same process was repeated by Wu and Bakar in 2000, who performed 
physical (small scale) and numerical experiments. They propose the correlation below: 

𝐿𝑏𝑢0  𝑢𝑐

𝑢0 = 𝑢𝑐

𝑢0  𝑢𝑐
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𝑢𝑐𝑟
∗ =

𝑢𝑐𝑟

√𝑔�̅�
= {0.68(𝑄

∗)
1
3, 𝑄∗ ≤ 0.20

0.40, 𝑄∗  0.20
} (2-8) 

with 

𝑄∗ =
𝑄

𝜌0𝑐𝑝𝑇0𝑔
1/2�̅�5/2

 

The diameter 𝐻 = 4𝐴/𝑃 is the hydraulic diameter of the tunnel section and should not be confused with 
the real tunnel height 𝐻 which is used in the dimension analysis of Oka and Atkinson and the analysis 
of Li, Lei and Ingason. 

Critical velocity prediction by Li, Lei and Ingason (2010 and 2017) [45] 

The formula of Li, Lei and Ingason is also derived from a dimension analysis and is therefore of the 
same shape. The correlation was derived from small scale experiments and validated against large-
scale experiments. 

𝑢𝑐𝑟
∗ =

𝑢𝑐𝑟

√𝑔𝐻
= {0.81(𝑄

∗)
1
3, 𝑄∗ ≤ 0.15

0.43, 𝑄∗  0.15
} (2-9) 

with 

𝑄∗ =
𝑄

𝜌0𝑐𝑝𝑇0𝑔
1/2𝐻5/2

 

Due to the validation of large-scale experiments, this correlation is typically preferred over the previous 
correlations. Moreover, the correlation is easy to use as it does not require any iterations, nor does it 
contain parameters that are difficult to obtain. 

However, in 2017, Li and Ingason published a new correlation for the critical velocity. The influence of 
the width 𝑊 was incorporated through the section ratio 𝜑 = 𝑊/𝐻 [52]: 

𝑢𝑐𝑟
∗ =

𝑢𝑐𝑟

√𝑔𝐻
= {

0.81(𝜑−1/4𝑄∗)
1/3
, 𝑄∗ ≤ 0.15𝜑1/4

0.43, 𝑄∗  0.15𝜑1/4
} (2-10) 

Comparison of different critical velocity correlations 

The different correlations are compared by means of example EX1. The parameters and their 
corresponding values of this example are presented in Table 3. The same example is used to illustrate 
other correlations, such as back-layering predictions (section 2.5), plume entrainment (section 4.2) and 
smoke propagation (section 4.4). It represents a fire involving a single passenger car [53]. Table 3 also 
contains example EX2, which represents a fire involving two busses, a small lorry or a metro carriage 
[53]. 

Table 3: Parameters and values for the example problems EX1 and EX2 

Parameter Symbol Value in EX1 Value for EX2 Unit 

Tunnel height 𝐻 6.00 6.00 m 

Tunnel width 𝑊 12.00 12.00 m 

Heat release rate �̇� 5.00 60 MW 

Convective heat release rate �̇�𝑐 3.75 45 MW 

Heat release rate per unit area �̇�" 1.00 1.00 MW/m² 

Fraction of convective heat 𝜒𝑐 0.75 0.75 - 

Temperature of fresh air 𝑇0 288.15 288.15 K 

Density of fresh air 𝜌0 1.2250 1.2250 kg/m³ 

Specific heat capacity of smoke 𝑐𝑝 1.0045 1.0045 kJ/kg/K 

Radius of the seat of the fire 𝑏𝑓 1.26 4.37 m 

Height of the seat of the fire ℎ𝑓 1.00 1.00 m 

Ventilation velocity 𝑢0 1.50 2.30 m/s 
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The graph below shows the critical velocity for the example problem in question, with varying heat 
release rates. High discrepancies can be noticed between the different correlations. Especially the 
correlation by Danziger and Kennedy seems to predict lower critical velocities. However, for greater 
heat release rates, it is the correlation by Thomas that outlies the others. This can easily be noticed after 
calculating the asymptotic values: 

• Thomas (1958): 𝑢𝑐𝑟(�̇�→ ∞) = √2𝑔𝐻/𝜒𝑐 = 12.53 𝑚/𝑠 

• Danziger & Kennedy (1982): 𝑢𝑐𝑟(�̇�→ ∞) = √𝑔𝐻/𝐹𝑟𝑐𝑟 = 3.62 𝑚/𝑠 

• Wu & Baker (2000): 𝑢𝑐𝑟(�̇�→ ∞) =  0.40√𝑔�̅� = 3.54 𝑚/𝑠 

• Li, Lei and Ingason (2010): 𝑢𝑐𝑟(�̇�→ ∞) =  0.43√𝑔𝐻 = 3.30 𝑚/𝑠 

• Li, Lei and Ingason (2017): 𝑢𝑐𝑟(�̇�→ ∞) =  0.43√𝑔𝐻 = 3.30 𝑚/𝑠 

 
Figure 5: Critical velocity predictions for a six-meter-high and twelve-meter-wide tunnel 

2.5 Existing back-layering predictions techniques 

In this section, a few back-layering length correlations are discussed. Many more can be found in the 
literature. 

Back-layering length correlation by Thomas (1958) [46] 

The first attempt to predict the back-layering length was done by Thomas in 1958. He used the results 
of full-scale experiments in mining tunnels and conducted a small-scale experiment himself. The result 
is given in the formula below. 

𝐿𝑏 = (0.6 (
𝑢𝑐𝑟
𝑢0
)
3

− 3)𝐻 (2-11) 

Here, the critical velocity 𝑢𝑐𝑟 should be calculated in accordance with equation (2-6). 

The details of the full-scale experiment are not published. Likely, the size and geometry of the mining 
tunnels do not differ significantly from those of typical road tunnels. Unfortunately, no details are given 
about the fire (fuel, heat release, size, location) either. Big fires might not have been part of the 
experiments. 

Back-layering length correlation by Hu, Huo and Chow (2008) [54] 

Hu, Huo and Chow published a correlation meant for small fires, of which the flames do not reach the 
ceiling. They stated that at the back-layering front, the buoyancy of the hot layer causes a static pressure 
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that is equal to the hydraulic pressure, applied by the ventilation velocity. Their correlation, given below, 
is based on four full-scale tests with fire intensities up to 3.2 MW. 

𝐿𝑏 =
1

0.019
𝑙𝑛 (𝑔𝛾(

�̇�∗
2
3

𝐹𝑟
1
3

)

𝜖

𝐶𝑘𝐻

𝑢0
2 ) (2-12) 

where 

𝐹𝑟 =
𝑢0
2

𝑔𝐻𝑒𝑓𝑓
, �̇�∗ =

�̇�

𝜌0𝑐𝑝𝑇0𝑔
1/2𝐻𝑒𝑓𝑓

5/2
, {

𝜖 = 1.2, 𝛾 = 1.77, �̇�∗
2/3
/𝐹𝑟1/3  1.35

𝜖 = 0, 𝛾 = 2.54, �̇�∗
2/3
/𝐹𝑟1/3 ≥ 1.35

} 

The factor 𝐶𝑘 varies in between 0.19 and 0.37. The average (0.28) is proposed to make predictions.  

Back-layering length correlation by Li, Lei and Ingason (2010) [45] 

As mentioned before, Li, Lei and Ingason performed a series of model-scale experiments. Their method 
and results can be seen as a continuation of the work of Oka and Atkinson [51] and Wu and Bakar [50]. 
The correlation, given below, corresponds well to multiple full-scale experiments [45]: 

𝐿𝑏
∗ =

𝐿𝑏
𝐻
= 18.5 𝑙𝑛 (

𝑢𝑐𝑟
∗

𝑢0
∗ ) = 18.5 𝑙𝑛 (

𝑢𝑐𝑟
𝑢0
) (2-13) 

Here, the critical velocity is calculated in accordance with equation (2-9). The ventilation velocity 𝑢0
∗  is 

multiplied with the same factor as the critical velocity to eliminate the dimensions (𝑢0
∗ = 𝑢0/√𝑔𝐻). 

This correlation is commonly used, due to its simplicity and good agreement with experiments. 
Moreover, later research (experimental and numerical), that takes into account other factors (see below) 
tend to confirm the validity. 

Comparison of different back-layering length correlations 

The figure below illustrates the back-layering length for example EX1 (see Table 3). The figure illustrates 
the great discrepancies between the different correlations. For this case study, the formula of Thomas 
leads to negative values (not shown in the figure) for velocities considerably smaller than the critical 
velocity proposed by the same author. The correlation of Hu, Huo and Chow also results in negative 
back-layering lengths. 

 
Figure 6: Back-layering length predictions for a fire of 5 MW in a six-meter-high and twelve-meter-wide tunnel. 
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Other parameters that influence the back-layering length 

The correlations above are rough estimations that predict the back-layering length based on the heat 
release rate, the height of the tunnel, and the ventilation velocity. However, other parameters influence 
the length as well: 

• the width and/or the aspect ratio 
Wu and Bakar [50] performed small-scale experiments and noticed that for a range of width-height 
ratios (aspect ratios) going from 0.5 to 4, the influence on the critical velocity is small. Consequently, 
the effect on the back-layering length is often neglected. However, Li and Ingason found out that, 
for small fires, the critical velocity decreases for increasing widths and suggested a new correlation 
[52], with a relative week dependency on the width (2-10). Tilley, Deckers and Merci [55] also 
obtained a correlation for car parks from numerical experiments. The critical velocity and therefore 
the back-layering length in the numerical car park simulations seemed to be relatively constant with 
different widths (but slightly higher for small widths). This confirms the finds of Li and Ingason. 

• the obstruction ratio 
When vehicles are present in the tunnel, the ventilation velocity is forced to increase locally. 
Therefore, the back-layering length will be lower than predicted. Li, Lei and Ingason [45] suggested 
a reduction of the critical velocity, equal to the obstruction ratio. A similar trend was noticed in a 
numerical study by Gannouni and Maad [56] for shorter obstruction located upstream (yet close to) 
the seat of the fire. Zhang, Yao, Zhu, Li, Zhang, Lu and Cheng [57] developed a method to estimate 
the back-layering length for long obstruction with a high blockage ratio. However, for road tunnels, 
the obstructions are usually small and discontinuous. 

• the slope 
Hot smoke rises due to buoyancy. Therefore, it is not surprising that critical velocity is higher for 
tunnels that decline in the direction of the ventilation flow. Ko, Kim and Ryou [58] developed a 
correlation, based upon small-scale experiments. 

• the curvature 
Wang, Wang, Carvel and Wang [59] performed numerical experiments to study the impact of the 
curvature of the road. Fires that occur among the convex tunnel wall are exposed to a lower local 
ventilation velocity and therefore, the back-layering flow is longer, compared to the same conditions 
in a straight tunnel. At the concave wall, the opposite is true. 
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3 ONE-DIMENSIONAL MODELS 

As mentioned earlier, physical experiments and three-dimensional computational fluid dynamics 
simulations are often too expensive and time-consuming to predict the smoke spread of tunnel fires. 
When the smoke behaviour of many scenarios must be assessed, fast calculations are much more 
desirable. Empirical correlations can give a first rough estimation, but do not allow to obtain all important 
properties (such as smoke height and smoke temperature). 

One-dimensional models offer a great compromise, as they provide simulations within seconds, whilst 
still being reasonably accurate. In this chapter, the concept of one-dimensional models is briefly 
discussed, as well as their governing equations. 

3.1 Concept of one-dimensional models 

Tunnels typically have one dimension that exceeds the others. Therefore, it can be assumed that 
properties (velocity, temperature, density, smoke concentration) of the flow only vary in one dimension. 
In other words, properties are uniform along a cross-section. This assumption is accurate for fresh air 
flows upstream and for smoke flows downstream, far from the seat of the fire. Near the seat, cold fresh 
air and hot smoke will separate due to buoyancy: back-layering and stratification might occur. To predict 
the smoke behaviour more accurately, a one-dimensional model can assume two layers with different 
properties, analogue to the two-zone models for enclosure fires. 

For both methods, the flow properties can be calculated by solving the coupled conservation equations 
of mass, momentum, energy, and species. However, the two-layer model does require more submodels 
to assess the gains and losses in the second and third dimension (e.g., the amount of smoke entering 
the smoke layer through the smoke plume or the entrainment and detrainment at the interface of the 
layers). 

In this chapter, the conservation equations are briefly described for both models. The required sub-
models, as well as the numerical techniques, are discussed in the next chapter. 

In both models, some simplifications are typically made: 

• The heat release rate is predefined. 

• The mass of combustion products is negligible compared to the mass of the air flow (one-layer 
model) or compared to the mass of the entrained air (two-layer model). 

• The pressure variations are small compared to the absolute pressure 𝑝 ≈ 𝑝𝑎𝑚𝑏. The flows are 
assumed to be incompressible, and the density is only a function of the temperature. This 
assumption is reasonable when low Mach numbers are expected. This is the case for fire incidents, 
but not for explosions. 

• Fresh air and smoke are assumed to behave as ideal gases with a molar mass of 28.97 g/mol. 

3.2 Conservation equations for the one-layer model 

The simplest version of a one-dimensional model only considers one layer and therefore, it does not 
describe back-layering nor stratification. This model is more accurate for supercritical ventilation flows 
and severe fires as they cause more turbulence. 

Just as for three-dimensional simulations, the flow properties are calculated from the mass, momentum, 
energy, and species balance. Together, they form the set of governing equations: 

𝜕

𝜕𝑡
(𝜌𝐴) +

𝜕

𝜕𝑥
(𝜌𝐴𝑢) = �̇�𝑠

′ (3-1) 

𝜕

𝜕𝑡
(𝜌𝑢) +

𝜕

𝜕𝑥
(𝜌𝑢2) = 𝐾′ (3-2) 

𝜕

𝜕𝑡
(𝜌𝐴𝑐𝑝𝑇) +

𝜕

𝜕𝑥
(𝜌𝐴𝑐𝑝𝑇𝑢) = �̇�𝑠

′ + �̇�𝑓
′ − �̇�𝑤

′ (3-3) 
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𝜕

𝜕𝑡
(𝜌𝐴𝑦) +

𝜕

𝜕𝑥
(𝜌𝐴𝑦𝑢) = �̇�𝑠

′ + �̇�𝑓
′ (3-4) 

The following representations are used: 

�̇�𝑠
′  The mass flow per running meter of imposed sources. In case of fire, the strategy is generally 

to cease all fresh air inlet flows and only extract smoke. For those extraction points, the mass 
flow rate is negative (as defined by the formula (3-1)). For the simulations, the inlet and outlet 
flows are typically predefined. In principle, those flows can also be triggered or adjusted during 
the simulation, depending on the situation. 

𝐾′ The additional momentum per running meter. This additional momentum can be written as a 
pressure gradient over the length of the tunnel, which is caused by the meteorological difference 
between the two ports, the stack effect of the slope, the piston effect of the traffic, the jet fans, 
and the wall friction: 

𝐾′ = −
𝜕𝑝

𝜕𝑥
= −(

𝜕𝑝

𝜕𝑥
)
𝑚𝑒𝑡𝑒𝑜

− (
𝜕𝑝

𝜕𝑥
)
𝑠𝑡𝑎𝑐𝑘

− (
𝜕𝑝

𝜕𝑥
)
𝑡𝑟𝑎𝑓𝑓𝑖𝑐

− (
𝜕𝑝

𝜕𝑥
)
𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛

− (
𝜕𝑝

𝜕𝑥
)
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛

 

The formulae for these pressure gradients can be found in the literature (for example, in [60] 
and [61]). As explained in the next chapter, the proposed model assumes that the main velocity 
flow is known as a result of the overall momentum balance: the calculation of the pressure 
gradients is not incorporated. 

�̇�𝑠
′  The additional heat rate per running meter which comes with the additional mass flow �̇�𝑠

′ . 

�̇�𝑓
′  The heat release rate of the fire per running meter. �̇�𝑠

′  and �̇�𝑓
′  are typically predefined, although 

they could also be triggered or changed during the simulation, depending on the evolution of 
the fire. 

�̇�𝑤
′  The heat loss rate through the walls per running meter. This rate is assessed by means of a 

sub-model, which is discussed in the next chapter. 

�̇�𝑠
′ The additional species per running meter, which come with the additional mass flow �̇�𝑠

′ . 

�̇�𝑓
′ The combustion products of the fire, expressed per running meter as well. 

3.3 Conservation equations for the two-layer model 

In order to model stratification and back-layering, at least two layers need to be modelled. In those 
layers, the flow properties are uniform over the cross-section, analogue to the two-zone models for 
enclosure fires. Consequently, the conservation equations need to be solved for the two layers. In this 
section, the balances are briefly discussed, and an explanation is provided about why it is unfavourable 
to solve the set entirely. 

The sources of mass, momentum, energy, and species need to be separated for the two layers. 
Interaction between the two layers also needs to be represented. Therefore, the following additional 
terms need to be considered (visualized in Figure 7): 

�̇�′𝑝𝑙 Air is entrained from the lower layer by the plume and enters the upper layer as smoke. 

�̇�′𝑎,𝑠 Mass sources in the lower layer, such as supply fans. This mass source can also result in a heat 

source �̇�𝑎,𝑠 and a species source �̇�𝑎,𝑠
′ . 

�̇�′𝑠𝑚,𝑠 Mass sources in the upper layer, such as extraction vans. This mass source can also result in 

a heat source �̇�𝑠𝑚,𝑠 and a species source �̇�𝑠𝑚,𝑠
′ . 

�̇�′𝑒𝑛𝑡 Air entrainment by the upper layer. This mass exchange also results in an exchange of heat 

�̇�𝑒𝑛𝑡 and of species �̇�𝑒𝑛𝑡
′ . 
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�̇�′𝑑𝑒𝑡 Smoke entrainment by the lower layer (referred to as detrainment). This mass exchange also 

results in an exchange of heat �̇�𝑑𝑒𝑡 and of species �̇�𝑑𝑒𝑡
′ . 

𝐾′𝑎,𝑠 Pressure gradients in the lower layer due to effects, such as traffic and friction. 

𝐾′𝑠𝑚,𝑠 Pressure gradients in the upper layer due to effects, such as ceiling jets and friction. 

�̇�′𝑐𝑤 Heat losses in the lower layer towards the surrounding cold walls. 

�̇�′ℎ𝑤 Heat losses in the upper layer towards the surrounding hot walls. 

�̇�′𝑟 Radiative heat losses of the upper layer towards the cold walls below. 

 
Figure 7: Schematic representation of the two-layer model 

The formulae below embody the mass (3-5), momentum (3-6), energy (3-7), and specie balance (3-8) 
of the cold air layer. 

𝜕

𝜕𝑡
(𝜌𝑎𝐴𝑎) +

𝜕

𝜕𝑥
(𝜌𝑎𝐴𝑎𝑢𝑎) = �̇�𝑎,𝑠

′ − �̇�𝑝𝑙
′ − �̇�𝑒𝑛𝑡

′ + �̇�𝑑𝑒𝑡
′ (3-5) 

𝜕

𝜕𝑡
(𝜌𝑎𝑢𝑎) +

𝜕

𝜕𝑥
(𝜌𝑎𝑢𝑎

2) = 𝐾𝑎,𝑠
′ (3-6) 

𝜕

𝜕𝑡
(𝜌𝑎𝐴𝑎𝑐𝑝,𝑎𝑇𝑎) +

𝜕

𝜕𝑥
(𝜌𝑎𝐴𝑎𝑐𝑝,𝑎𝑇𝑎𝑢𝑎) = �̇�𝑎,𝑠

′ − �̇�𝑐𝑤
′ − �̇�𝑒𝑛𝑡

′ + �̇�𝑑𝑒𝑡
′ (3-7) 

𝜕

𝜕𝑡
(𝜌𝑎𝐴𝑎𝑦𝑎) +

𝜕

𝜕𝑥
(𝜌𝑎𝐴𝑎𝑦𝑎𝑢𝑎) = �̇�𝑎,𝑠

′ − �̇�𝑒𝑛𝑡
′ + �̇�𝑑𝑒𝑡

′ (3-8) 

The formulae below express the mass (3-9), momentum (3-10), energy (3-11), and specie balance (3-
12) of the hot smoke layer. 

𝜕

𝜕𝑡
(𝜌𝑠𝑚𝐴𝑠𝑚) +

𝜕

𝜕𝑥
(𝜌𝑠𝑚𝐴𝑠𝑚𝑢𝑠𝑚) = �̇�𝑠𝑚,𝑠

′ + �̇�𝑝𝑙
′ + �̇�𝑒𝑛𝑡

′ − �̇�𝑑𝑒𝑡
′ (3-9) 

𝜕

𝜕𝑡
(𝜌𝑠𝑚𝑢𝑠𝑚) +

𝜕

𝜕𝑥
(𝜌𝑠𝑚𝑢𝑠𝑚

2 ) = 𝐾𝑠𝑚,𝑠
′ (3-10) 

𝜕

𝜕𝑡
(𝜌𝑠𝑚𝐴𝑠𝑚𝑐𝑝,𝑠𝑚𝑇𝑠𝑚) +

𝜕

𝜕𝑥
(𝜌𝑠𝑚𝐴𝑠𝑚𝑐𝑝,𝑠𝑚𝑇𝑠𝑚𝑢𝑠𝑚) = �̇�𝑠𝑚,𝑠

′ + �̇�𝑓
′ − �̇�ℎ𝑤

′ − �̇�𝑟
′ + �̇�𝑒𝑛𝑡

′ − �̇�𝑑𝑒𝑡
′ (3-11) 

𝜕

𝜕𝑡
(𝜌𝑠𝑚𝐴𝑠𝑚𝑦𝑠𝑚) +

𝜕

𝜕𝑥
(𝜌𝑠𝑚𝐴𝑠𝑚𝑦𝑠𝑚𝑢𝑠𝑚) = �̇�𝑠𝑚,𝑠

′ + �̇�𝑓
′ + �̇�𝑒𝑛𝑡

′ − �̇�𝑑𝑒𝑡
′ (3-12) 

Solving the set of governing equations for the two-layer model is considerably more complex than for 
the one-layer model: 

• Eight coupled equations need to be solved instead of four. 

• Conduction through the walls requires at least two separate meshes in the submodel for heat losses. 

• The sections 𝐴𝑎 and 𝐴𝑠𝑚 of the layers vary in time, since the smoke height can increase or decrease 
over time. As a result, the volumes of the discretized cells would not be constant in time. 

�̇�𝑓

�̇�ℎ𝑤

�̇�𝑟

�̇�𝑒𝑛𝑡

�̇�𝑠𝑚,𝑠

�̇�𝑑𝑒𝑡

�̇�𝑝𝑙

�̇�𝑠𝑚

�̇�𝑎
�̇�𝑐𝑤

𝑢𝑠𝑚

𝑢𝑎
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• The mass flow rate of the smoke plume �̇�𝑝𝑙
′ , as well as the mass entrainment and detrainment flow 

rates, require a correlation. 

• The division of the pressure gradients over the two layers is not straightforward. 

To overcome these complications, some simplifications are made in the proposed model. Amongst 
others, they include inert walls to replace the conduction model and a velocity correlation to replace the 
momentum balance. The solution scheme, together with the assumptions and employed correlations 
are discussed in the next chapter. 

3.4 Existing one-dimensional models 

One-dimensional models were first developed mid-last century for application in the mining industry [61], 
[62]. Since the nineties, multiple models have also been developed for application in road tunnels and 
rail tunnels. A short list of common models is provided in Table 4. 

Table 4: Overview of one-dimensional models of tunnel fires 

Model and year of publication (first version) Authors, companies, and institutions Features (latest versions) Reference 

1977: MFire 
Authors:  Zhou, Yuan & Cole 
Institution:  US Bureau of Mines 

• Tunnel networks  

• Steady-state ventilation flow 
[61], [63] 

1975: Subway Environmental Simulation Code 
(SES) 

Author:  Kennedy 
Company:  Parsons Brinckerhoff 

Quade and Douglas, for the 
US Department of 
Transportation 

• Tunnel networks 

• Steady-state ventilation flow 

• Occurrence of back-layering 
(*) 

[61], [64] 

1999: Rabbit 
2000: Smoke Propagation IN Tunnels (SPRINT) 
2010: One-Dimensional Egress Model (ODEM) 
2017: SpitFire (SPRINT + ODEM) 

Authors:  Riess, Bettelini & Brandt 
Company:  HBI Haerter 

• Transient ventilation flow 

• Back-layering (see below) 
[65], [66] 

2003: CAlcul Monodimensionnel Anisotherme 
Transitoire en Tunnel (CAMATT) 

Institution:  Centre d’Études des 
Tunnels (CETU) 

• Tunnel networks 

• Transient ventilation flow 
[67], [68] 

(*) Correlation for critical velocity by Danziger and Kennedy, see section 2.4. 

As far as the author of this dissertation is aware, all existing models but SPRINT are one-layer models 
and none of them can predict stratification or back-layering. SPRINT employs empirical correlations to 
estimate the smoke propagation velocity and superposes this velocity on the main ventilation flow. 
These correlations are discussed in the next chapter. 

SPRINT can predict the position of the smoke front and the temperature profiles of the cold and hot 
layer [65], [66]. However, it does not calculate the smoke layer height and therefore, species 
concentrations cannot be calculated accurately. CAMATT employs similar correlations to determine the 
velocity of the smoke front downstream [68] but does not consider smoke propagation upstream of the 
seat of the fire.  
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4 METHODOLOGY 

In this chapter, the methodology of the proposed model is explained. First, the overall concept is 
clarified. Next, the employed correlations are thoroughly discussed and last, the solution schemes of 
the three main parts of the model are described. The code of the model (written in Python 3.9) can be 
found in Appendix C. 

4.1 Concept of the proposed model 

As explained in the previous chapter, several one-dimensional models have already been developed, 
but the incorporation of stratification and back-layering has not yet been discussed openly in the 
literature. Therefore, the proposed method assumes a one-layer model to be accomplished and focuses 
on stratification and back-layering. As a result, the main velocity flow 𝑢0, upstream of the smoke, is 
assumed to be known and considered as input data. 

Simplifications and assumptions 

To simplify the model, some assumptions have been made and are listed below. Many of those 
simplifications can easily be reversed later to make the model more accurate. 

• The heat release rate is predefined. 

• The mass of combustion products is negligible. 

• The fresh air and the smoke behave as incompressible ideal gases. 

• The tunnel section is rectangular (and constant among the tunnels axis). 

• No transverse ventilation is implemented. The tunnel is strictly ventilated longitudinally. 

• The tunnel walls and ceiling are thermally inert. They maintain their initial temperature. 

• The slope of the tunnel is not taken into account. 

• The entrainment and detrainment of smoke are negligible. 

• The main ventilation velocity is known. It is assumed that an overall momentum balance is solved 
by the already accomplished one-layer model. This main velocity depends on the pressure gradient, 
caused by the meteorological pressure difference between the two portals, the stack effect of the 
slope, the piston effect of the traffic, the jet fans, and the wall friction. 

• The proposed model provides a steady-state solution. Later, a semi-steady state method can be 
employed, or the transient balances can be solved. 

The model consists of three main parts: a first part, in which the properties at the seat of the fire are 
obtained, and two separate parts, which obtain how the smoke spreads upstream and downstream from 
the seat of the fire. The concept is represented in the flowchart (Figure 8). Some clarification is given 
below. 

Solver of the fire plume 

The smoke will rise up from the seat of the fire and deflect underneath the ceiling to spread (upstream 
and) downstream. The plume mass flow rate and the plume temperature are required to assess the 
properties of those two flows. 

The mass flow rate can be calculated from three perspectives: (1) a plume correlation, (2) a mass flow 
through the smoke section with a certain velocity and (3) a mass flow that relates the heat release to 
the plume temperature rise. Those three mass flow rates can be combined into two equations and solved 
simultaneously for the plume height and density. Subsequently, the flow velocity and mass flow rate can 
be calculated. 

Solver of the upstream flow (back-layering flow) 

A certain fraction of the plume mass flow rate might flow upstream. If this is the case, back-layering 
occurs. The properties of the smoke layer in a mesh cell can be calculated from the neighbour, closer 
to the seat of the fire. Therefore, the mass balance and the heat balance need to be solved together. 
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Due to the complex nature of the heat balance, a simple iteration process is employed in which both 
balances are solved subsequential, rather than simultaneously. The momentum balance is replaced by 
a simple smoke propagation velocity correlation (see section 4.4). After convergence is reached, the 
properties of the upstream neighbour can be determined. This process is continued until the momentum 
of the back-layering front is in equilibrium with the ventilation flow. 

Solver of the downstream flow 

The flow properties downstream can be calculated analogue to the properties upstream. No initial check 
needs to be performed as there will always be a fraction of the plume mass flow rate flowing 
downstream. Moreover, as the downstream flow is unbalanced, the calculation can be stopped at a 
predefined point of interest (usually, at the portal). 

4.2 Plume mass flow 

Just as the two-zone models for enclosures, fresh air of the lower layer is entrained in the plume and 
enters the upper layer as smoke. An empirical correlation is required to assess the mass flow rate of 
this plume. In this subsection, four different correlations are briefly discussed and compared. 

For all correlations below, SI units should be used, with exception of the heat release rate (kW) and the 
specific heat capacity (kJ/kg/K). For the simplified correlations which only manifest the heat release rate 
and the height, the same conditions are assumed as for EX1 (see Table 3). Fresh air and smoke are 
assumed to behave as ideal gases with a molar mass of 28.97 g/mol. 

Plume correlation by Zukoski, Kubota & Cetegen (1980) [69] 

In 1980, Zukoski, Kubota and Cetegen performed experiments on free plumes and found a good 
agreement with the ideal plume theory. The result is the correlation below [69].  

�̇�𝑝𝑙 = 0.21 (
𝜌0
2𝑔

𝑐𝑝𝑇0
)

1
3

�̇�
1
3𝑧𝑒𝑓𝑓

5
3 ≈ 0.078�̇�

1
3𝑧𝑒𝑓𝑓

5
3 (4-1) 

The correlation has the following limitations: 

• The correlation has been derived only from methane fires up to 200 kW and heights in between 1 
and 2.3 m. Naturally, relevant tunnel fires lie beyond these limitations: accuracy is not guaranteed. 

• The Zukoski plume employs the Boussinesq approximation and will not lead to accurate results in 
the flaming region of the plume. Here, this is when the flames attach to the ceiling of the tunnel. 

• The correlation is developed for free plumes and therefore, the influence of the enclosing walls and 
ceiling are not considered. Strictly spoken, a distance of (5/6)𝛼𝐻𝑒𝑓𝑓 ≈ 0.18 𝐻𝑒𝑓𝑓 from the wall suffices 

to prevent the plume to reach the walls. However, entrainment can be expected to be affected even 
when the seat of the fire has a greater distance. 

• The effect of ventilation flows is not taken into account. 

Plume correlation derived from Alpert (1975) [70] 

As the smoke in enclosures deflects horizontally after it reaches the ceiling, correlations for ceiling jets 
might be more appropriate than those for free plumes. In 1975, Alpert published the empirical 

correlations for unconfined ceilings. The maximum temperature inside the plume (𝑟  0.18 𝐻𝑒𝑓𝑓) can be 

written as follows [70]: 

𝛥𝑇𝑚𝑎𝑥 = 16.9
�̇�
2
3

𝑧
𝑒𝑓𝑓

5
3

(4-2) 

From this formula, the mass flow rate can be calculated, considering that the convective heat of the fire 
is divided over the entire mass flow rate: 
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𝜒𝑐�̇� = �̇�𝑝𝑙𝑐𝑝𝛥𝑇𝑝𝑙 (4-3) 

Equation (4-2) and (4-3) cannot easily be united since (4-2) is written in terms of the maximum 
temperature and (4-3) in terms of the average plume temperature. In a first crude approximation, a 
triangular temperature profile along the radius can be assumed for the temperature (Δ𝑇𝑚𝑎𝑥 = 2ΔTpl). 

This results in the correlation below: 

→ �̇�𝑝𝑙 =
2

16.9

𝜒𝑐
𝑐𝑝
�̇�
1
3𝑧𝑒𝑓𝑓

5
3 ≈ 0.088�̇�

1
3𝑧𝑒𝑓𝑓

5
3 (4-4) 

The correlation has the following limitations: 

• The correlation has been derived from methane fires test ranging from 500 kW to 100 MW and for 
ceiling heights that range from 2.4 m to 15.9 m. 

• In all those tests, the flames do not reach the ceiling. The correlation will not lead to accurate results 
when the flames do attach to the ceiling. 

• The correlation is developed for unconfined ceilings: the influence of the enclosing walls is not 
considered. 

• The assumption of the triangular temperature profile is crude. 

• The effect of the ventilation flow is not taken into account. 

Plume correlation by Kunsch (2002) [71] 

In 2002, Kunsch published a model to describe the smoke spread in tunnels. In the model, he balances 
the mass of the smoke flow with the mass at the turning point (𝑒) [71], which implies a plume mass flow 
rate. This flow rate can be obtained using the following formula: 

�̇�𝑝𝑙 = 𝜌𝑒(2𝜋𝑟𝑒𝑑𝑒)𝑢𝑒 (4-5) 

Kunsch adopts the ceiling jet geometry at this turning point from Alpert [70]: 

• The plume radius 𝑟𝑒 is assumed equal to 0.20𝐻 

• The smoke layer thickness 𝑑𝑒 is assumed equal to 0.05𝐻 

• The radial propagation velocity 𝑢𝑒 is assumed to be given by the following equation: 

𝑢𝑒 = 0.963√𝑔𝐻
𝜌0 − 𝜌𝑒
𝜌0

(4-6) 

To determine the temperature at the turning point, Kunsch employs the correlation by Heskestad and 
Delichatsios [72]. The result is the following correlation: 

𝛥𝑇𝑒 = 𝛥𝑇
∗(
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2
3
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5
3

(4-7) 

Since he assumes that the temperature of the smoke at the turning point is equal to the temperature at 
the axis of the plume, the empirical parameter ΔT∗ is equal to 6.13. More accurate would have been an 
integration over the plume axis (from 𝑟/𝐻 = 0 till 𝑟/𝐻 = 0.20). However, the difference is minor. Note 
the agreement with the correlation by Alpert (4-2) for reasonable ambient conditions. 

The implied mass flow rate in Kunsch’s model is defined by equations (4-5), (4-6) and (4-7) and by the 
ideal gas law. Since Kunsch relies on the empirical correlations by Heskestad and Delichatsios and by 
Alpert, similar limitations apply as mentioned above. However, the mass flow rate can be expected to 
be less accurate since the geometry and the temperature of the plume are taken from different 
correlations and are therefore not consistent. Note that, with equation (4-3), Kunsch could have omitted 
the correlations of Heskestad and Delichatsios [72]. 
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Plume correlation by Li, Lei & Ingason (2010) [73], [74] 

Li, Lei & Ingason developed a correlation that considers the effect of the ventilation flow on the plume 
entrainment. They performed small-scale experiments which indicated that a low ventilation velocity 
(𝑉∗ ≤ 0.19) does not influence the entrainment, while entrainment increases linearly with the higher 

levels of ventilation (𝑉∗  0.19). The authors propose the following equation, based on the ideal plume 
theory [73]: 

�̇�𝑝𝑙(𝑧𝑒𝑓𝑓) = {
0.071 �̇�𝑐

1/3
𝑧𝑒𝑓𝑓
5/3
, 𝑉∗ ≤ 0.19

0.3735 �̇�𝑐
1/3
𝑧𝑒𝑓𝑓
5/3
𝑉∗, 𝑉∗  0.19

(4-8) 

with 

𝑉∗ =
𝑢0
𝑤∗
, 𝑤∗ = (

𝑔�̇�

𝑏𝑓𝑜𝜌0𝑐𝑝𝑇0
)

1
3

 

The correlation has also been validated by Zhen and Ingason with large-scale experimental data [74]. 
However, for large fires, the flames impinge on the ceiling and the correlation is no longer accurate. For 
these fires, the smoke temperature rise (𝑇𝑝𝑙 − 𝑇0) tops off around 1350 K. Therefore, just as the other 

correlations mentioned above, this one is limited to relatively small fires. 

Comparison of different plume correlations 

The different plume correlations are compared by means of an example (EX1, see Table 3). The results 
are given in Figure 9. All correlations have similar tendencies. However, the formula of Kunsch leads to 
significantly lower plume mass flow rates. 

 
Figure 9: Comparison of different plume mass flow correlations 

The proposed model will incorporate the correlation by Li, Lei & Ingason, as it includes the effect of the 
ventilation flow and it has shown to agree with large-scale tunnel fire tests. Moreover, the validity range 
is expressed in terms of the temperature rise, which is easy to verify. 

Of all correlations, the one by Li, Lei & Ingason leads to the highest mass flow rate when the 
dimensionless ventilation velocity 𝑉∗ is equal to or greater than 0.26. Nevertheless, higher mass flow 
rates are not necessarily conservative, as they also implicate lower smoke temperatures. 
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4.3 Upstream and downstream distribution of the mass flow 

In this section, the distribution of the plume flow over the upstream and the downstream flow is 
discussed. First, the upstream mass flow is treated. Afterwards, the consequences for the downstream 
flow are explained. 

Upstream mass flow 

Not only the total plume mass flow rate is important, but its distribution of the upstream and downstream 
flow also has a significant influence on the flow properties. Research on this matter has been performed 
by Wang, Fang, Tang and Yuan. They derived the following formula for the upstream ratio 𝛿 [75]: 

𝛿 =
�̇�𝑢𝑝

�̇�𝑝𝑙
=

{
 

 
0.5 , 0 ≤ 𝑢0 ≤ 0.5𝑢𝑐𝑟

2(𝑢𝑐𝑟 − 𝑢0)

3𝑢𝑐𝑟 − 2𝑢0
, 0.5𝑢𝑐𝑟 ≤ 𝑢0 ≤ 𝑢𝑐𝑟

0 , 𝑢𝑐𝑟 ≤ 𝑢0

(4-9) 

It has been shown by Raj and Moussa [76] that the ventilation starts to deflect the plume at ventilation 
velocities of about 0.19𝑤∗. This threshold has also been validated by Li, Lei and Ingason [73], as well 
as the linear increase that follows for higher ventilation velocities. Therefore, the linear influence in the 
ratio 𝛿 is unsurprising. However, the combination of this plume correlation and the upstream ratio leads 

to counterintuitive results. This is because, for real fires, the ventilation velocity 0.19𝑤∗ (𝑉∗ = 0.19) is 
typically smaller than half of the critically velocity. Therefore, with increasing velocity, the upstream mass 
flow rate will initially remain constant, then increase and eventually decrease. 

Figure 10 illustrates the problematic mass flow rates for EX1 (see Table 3). Note that the total mass flow 
rates do not appear to be perfectly linear, because the smoke layer height is slightly affected as well. 
The system is explained in its entirety in section 4.6. 

 
Figure 10: Total mass flow rate and upstream mass flow rate for different distributions 

To prevent the counterintuitive result, two different distributions are proposed. The result of the proposed 
distributions is shown in Figure 10 as well. 

• For small ventilation flows (𝑉∗  0.19), the plume mass flow rate �̇�𝑝𝑙,0 is divided equally. For greater 

ventilation flows, the ratio of the upstream mass flow rate over the wind still plume mass flow rate 
𝛿0 = �̇�𝑢𝑝/�̇�𝑝𝑙,0 decays linearly until the critical ventilation velocity is reached, as shown in equation 

(4-10). 
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𝛿0 =
�̇�𝑢𝑝

�̇�𝑝𝑙,0
= {

0.5 , 0 ≤ 𝑢0 ≤ 0.19𝑤
∗

𝑢𝑐𝑟 − 𝑢0
2𝑢𝑐𝑟 − 0.38𝑤

∗ , 0.19𝑤∗ ≤ 𝑢0 ≤ 𝑢𝑐𝑟

0 , 𝑢𝑐𝑟 ≤ 𝑢0

(4-10) 

• The upstream mass flow is not affected by the ventilation flow, as formulated in equation (4-11). The 
linear increase that occurs for higher ventilation flows allocated to the downstream mass flow rate. 

𝛿0 =
�̇�𝑢𝑝

�̇�𝑝𝑙,0
= 0.5 (4-11) 

To illustrate the effect on the outcome of the model, the back-layering length is shown in Figure 11. Both 
the distribution of Wang and the proposed linear decrease result in a less continuous curve than 
expected (considering the prediction by Li et al. [45], [52]). The second proposed distribution, in which 
the effect of the ventilation is not taken into account for the upstream mass flow rate, seems to 
correspond better to the prediction by Li et al. (especially for ventilation velocities close to the critical 
ventilation velocity). Therefore, it is this distribution, described by equation (4-11), that is employed in 
the proposed model. Note that the back-layering length prediction by Li et al. also has significant model 
uncertainties and that more research should be performed to gain confidence about the distribution’s 
precision. 

 
Figure 11: Back-layering length, employing different mass flow rate distributions 

Downstream mass flow 

When the back-layering flow arrives at the upstream tunnel portal, the smoke will exit the tunnel. In this 
case, the downstream flow will be the remainder of the plume flow: 

�̇�𝑑𝑜𝑤𝑛 = �̇�𝑝𝑙 − �̇�𝑢𝑝 (4-12) 

However, when the upstream portal is not reached, the back-layering flow does not exit the tunnel but 
deflects and flows back downstream. For long back-layering lengths, this deflected flow can be assumed 
to mix with the fresh air and cool down before the seat of the fire is reached. In this case, equation (4-
12) is still applicable. However, for life safety analyses, the smoke contamination of the fresh air should 
be accounted for. 

For short back-layering lengths, the back-layering front will still hot. Therefore, the smoke layer stays 
buoyant after its deflection and join in the downstream upper layer. In this case, the entire plume mass 
smoke rate will flow downstream: 

�̇�𝑑𝑜𝑤𝑛 = �̇�𝑝𝑙 (4-13) 
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Naturally, all real back-layering lengths can be considered to be of intermediate length, and the 
downstream mass flow rate should be somewhere in between (4-12) and (4-13). A more correct 
approximation could be made when a third layer is taken into account: the deflected back-layering flow. 
This layer moves at the same velocity as the fresh air layer underneath the upper layer and cools down 
on its way. 

In the proposed model, the back-layering flow is assumed to reach the portal or to be long enough for 
the deflected flow to cool down before it arrives back at the seat of the fire. Therefore, equation (4-12) 
is applied for all subcritical ventilation velocities. For critical and supercritical ventilation velocities, 
equation (4-13) is applied. A more precise downstream flow rate could be implemented later, following 
the philosophy described above. 

4.4 Smoke propagation velocity 

To simplify the model, the momentum balance of the smoke layer can be omitted and a correlation can 
be used instead. In this section, different theoretical and empirical correlations are discussed. Although 
they are derived from different theories, a reasonable agreement between the correlations can be found. 

Some of the correlations are derived from gravity (buoyancy) driven flows. These correlations have 
many applications, such as leaking oil tankers [77], atmospheric flows, oceanic flows and powder 
avalanches [68]. They have also been used by NIST to estimate the filling time for the corridor model in 
CFAST [78] and by Rabbit (later renamed SPRINT and SpitFIRE) [65], [66] and CAMATT [68] to 
describe the propagation of the smoke front in tunnel fires. Other correlations are derived from ceiling 
jet models. All of them are first described separately and afterwards compared with each other through 
an example problem. 

Smoke propagation velocity derived from Alpert (1975) [70] 

In 1975, Alpert published empirical correlations for the maximum temperature and smoke velocity 
underneath an unconfined ceiling in the neighbourhood of a jet flow [70]. The correlation for the velocity 
is given by the equations below: 

𝑢𝑚𝑎𝑥 =

{
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(4-14) 

The details of the correlations and their limits are described above. Here, only three important limitations 
are repeated: (1) In tunnels, the walls do restrict the smoke flow to a one-dimensional flow. Moreover, 
(2) the correlations can only be used for fires for which the flames do not reach the ceiling. Last (3), no 
external ventilation flow was applied during the experiment. 

Kunsch worked around the first limitation (see below). He assumed that the smoke flow behaves entirely 
one-dimensional at a distance 𝑥 = 𝑊/2 from the point source of the fire. Using the mass and momentum 
balance, he related the properties of this one-dimensional flow to the properties at the turning point at 
which the vertical flow deflects horizontally underneath the ceiling [71]. The relation is given as follows: 

𝑢ℎ =
2

𝜋
𝑢𝑟𝑇𝑃 (4-15) 

The formula of Alpert can be rewritten in terms of density difference to allow easy comparison with the 
correlations discussed below. This requires the following assumptions: 

• All the convective heat is contained in the smoke layer, see equation (4-3). 

• The tunnel is wide enough for the deflection underneath the ceiling to occur radially and transition 
to a one-dimensional flow later. This also requires the seat of the fire to have a distance 𝑟𝑇𝑃 of 0.20𝐻 
from the wall. 

• The mass flow rate can therefore be written as in equation (4-5). 
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• The geometry of the ceiling jet at the turning point is adopted from Alpert’s correlations: the turning 
point is located at a horizontal distance 𝑟𝑇𝑃 of 0.20𝐻 from the seat of the fire and the smoke layer 

has a thickness of 𝑑𝑇𝑃 = 0.05𝐻 [70]. 

• The smoke behaves as an ideal gas. 

Moreover, the values of the specific heat capacity, the molar mass, the ideal gas constant, the ambient 
pressure, and the convective fraction can be assumed as stated in Table 3. Consequently, the velocity 
can be written as follows: 

𝑢ℎ,𝑚𝑎𝑥 =
2

𝜋
(
0.195

0.20
5
6

)

3
2

√2 ∙ 2𝜋 ∙ 0.20 ∙ 0.05 (
𝑐𝑝𝑝𝑀

𝑔𝑅𝜒𝑐
)𝑔𝐻

𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

≈ 1.009√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

(4-16) 

Since equation (4-14) does not describe the average, but the maximum velocity in the ceiling jet, 
correlation (4-16) is likely to overestimate the average velocity of the smoke front. 

Smoke propagation velocity by Kunsch (2002) [71] 

In 2002, Kunsch derived the average smoke velocity of the smoke propagation in tunnels. As explained 
above, he obtained the one-dimensional velocity from the radial velocity at the turning point employing 
a mass balance, a momentum balance, and a buoyancy balance. In combination with empirical 
correlations by Alpert and by Heskestad and Delichatsios [70], [72]. This results in the formula given 
below [71]: 

𝑢ℎ = 0.867√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

(4-17) 

The difference between 1.009 (4-16) and 0.867 (4-17) should not be seen as a discrepancy, bearing in 
mind the remark above. 

Kunsch used this velocity correlation in a momentum balance close to the seat of the fire, to find the 
critical velocity and validated his theory with small-scale and large-scale physical. The correlation has 
not been validated for back-layering. 

Gravity-driven (buoyancy-driven) flow 

From another perspective, the hot smoke layer can be regarded as a buoyancy-driven flow. The 
propagation velocity of the smoke front that intrudes in the cold air can be derived by equating the 
difference in gravitational potential energy and kinematic energy of both fluids (hot smoke and cold air). 
This section discusses the derivation for a tunnel without a ventilation flow. 

The propagation velocity of buoyancy flows and gravity flows has barely been studied in the field of fire 
safety but is a well-discussed topic in the field of fluid dynamics [77], [79]. To study the flows, the lock-
exchange problem has been set up: two fluids with a different density are divided from each other by a 
vertical lock. Once the lock is removed, the low-density fluid will spread underneath the ceiling of the 
duct (buoyancy flow) and the high-density fluid will spread above the floor of the duct (gravity flow). The 
experiment set-up is shown in the figure below. Since the problem is applied on tunnel fires, low-density 
and high-density fluids will be called hot smoke and cold air in this section. 
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Figure 12: Lock-exchange problem 

To derive the propagation velocity, some simplifications can be made: 

1. The section of the duct is rectangular. 
2. Due to the symmetry of the experiment set-up, the smoke layer height is predefined as half of the 

total height. 
3. The viscosity of the gases and the friction of the gasses with the boundaries can be neglected. 

Consequently, the exchange of heat or mass at the interface of the gasses and at the boundaries 
of the duct is negligible as well. 

Due to the last simplification, only gravitational potential energy and kinetic energy are considered. As 
the hot smoke spreads over the ceiling, the mass centre of the smoke gains height. Simultaneously, the 
mass centre of the cold air drops. The change in gravitational potential energy during the timestep δ𝑡 is 
given by formula (4-18). Since the cold air has a higher density than the hot smoke, the total gravitational 

potential energy decreases (δ𝐸𝑔𝑟𝑎  0). 

𝛿𝐸𝑔𝑟𝑎 =
1

8
𝑔𝜌ℎ𝑢𝐻

2𝑊𝛿𝑡 −
1

8
𝑔𝜌𝑐𝑢𝐻

2𝑊𝛿𝑡 =
1

8
𝑔(𝜌ℎ − 𝜌𝑐)𝑢𝐻

2𝑊𝛿𝑡  0 (4-18) 

Both the hot smoke and the cold air are originally at rest. The gain in kinetic energy during the timestep 
δ𝑡 is given by formula (4-19): 

𝛿𝐸𝑘𝑖𝑛 =
1

4
𝜌𝑐𝑢

3𝐻𝑊𝛿𝑡 +
1

4
𝜌ℎ𝑢

3𝐻𝑊𝛿𝑡 =
1

4
(𝜌𝑐 + 𝜌ℎ)𝑢

3𝐻𝑊𝛿𝑡  0 (4-19) 

The propagation velocity can be derived by conserving the total energy: 

𝛿𝐸𝑘𝑖𝑛 + 𝛿𝐸𝑔𝑟𝑎 = 0 → 𝑢ℎ = 𝑢 = 𝑘√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
𝜌𝑐 + 𝜌ℎ

(4-20) 

The factor 𝑘 in this equation is equal to 1/√2  ≈ 0.707. Many authors have performed the experiment to 

verify this theory and establish a factor 𝑘 that reflects reality better, amongst them Yih [80] and Barr [81]. 
However, both authors made the Boussinesq approximation: 

𝑢ℎ = 𝑘√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

(4-21) 
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Yih performed a set of experiments for his master thesis and found that a 𝑘-factor equal to 0.67 [79]. 
This shows a good agreement with the theory above. Unfortunately, information about this experiment 
(geometry, fluid properties etc.) is no longer accessible. Barr derived a set of factors from experiments, 
depending on the shape of the duct section. [79] 

Due to the high difference in temperature between the fresh air and the smoke layer. This approximation 
is only appropriate for smoke front sufficiently far from the seat of the fire. Nevertheless, this approach 
is generally applied in the one-dimensional model SPRINT. The model first obtains a density 𝜌ℎ from 
the average layer temperature and then applies formula (4-21) to calculate the average velocity [66]. 
The two-zone model CFAST by the NIST includes a submodel, which takes into account the travelling 
time of smoke through corridors. This submodel applies the formula above as well (𝑘 equal to 0.70) [78]. 

In real fires, the smoke layer height is unknown. In this case, the height 𝐻 can be seen as a virtual 
height, analogue to the virtual origin in the free plume model that Heskestad published in 1983. 
Consequently, equation (4-20) can be reformulated as follows: 

𝑢ℎ = √𝑔𝑑
𝜌𝑐 − 𝜌ℎ
𝜌𝑐 + 𝜌ℎ

(4-22) 

Shin, Dalziel and Linden [79] made an analogue derivation for lock-exchange problems for which only 
fluid is released from a partial depth 𝑑, as shown in the figure below. 

 
Figure 13: Modified lock-exchange problem with the low-density fluid released from a partial depth 

They derived a formula that related the propagation velocity to the densities of the fluids, the total height 
of the duct, and the partial depth 𝐷. In this formula, the partial depth can be replaced by the smoke layer 

thickness 𝑑 or the smoke layer height ℎ, as shown below: 

𝑢ℎ = √𝑔
(𝜌𝑐 − 𝜌ℎ)𝑑(𝐻 − 𝑑)

𝜌𝑐(𝐻 − 𝑑) + 𝜌ℎ𝑑
= √𝑔

(𝜌𝑐 − 𝜌ℎ)(𝐻 − ℎ)ℎ

𝜌𝑐ℎ + 𝜌ℎ(𝐻 − ℎ)
(4-23) 

Shin, Dalziel and Linden also performed 140 experiments that agreed with their theoretical formula. The 
experiments took place in a 2-meter-long and a 0.20-meter-high tank. The fluids in the experiment were 
fresh water and a sodium chloride solution and, therefore, they were miscible fluids, just like smoke and 
air. Yet, they only have a small density difference (𝜌ℎ/𝜌𝑐  0.90)[79]. In most tunnel fires, the high 
temperature difference between the hot smoke and the cold air causes a greater difference in density. 

The next comments can be made about the previously mentioned simplification. 

1. The formula is, strictly speaking, only valid for rectangular cross-sections. In further research, a 
correction factor could be established to take into account other typical tunnel shapes. 

2. No viscosities and frictions are neglected. This simplification is justified since the buoyancy and the 
inertia dominate over the viscous forces. It has been experimentally demonstrated that for currents 
with a Reynolds number 𝑅𝑒𝐻 = 𝑢ℎ𝐻/2𝜈 greater than 1000, the viscous effects on the propagation 
speed are negligible [79]. Due to the low dynamic viscosity of air and smoke and the great 
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dimensions of tunnels, the Reynolds number will be practically always above 1000 in case of a 
tunnel fire, even for very low velocities. 

Constant Froude number 

When the Boussinesq approximation is made, equation (4-22) result in a constant densimetric Froude 

number 𝐹𝑟𝜌 equal to 1/√2 (𝑅𝑖 = 2). CAMATT, the model of CETU (see Table 4) employs this constant 

Froude number to describe the downstream smoke propagation [68]. 

Comparison of different smoke propagation velocities 

In the table below, all discussed correlations are summarized to facilitate the comparison. 

Table 5: Overview of different smoke propagation correlations 

Author of correlation/model Theory Formula Asymptotic value Reference 

1947: Yih gravity-driven flows 0.670√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

 0.474√𝑔𝐻 [80] 

1975: Alpert ceiling-jet 1.009√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

 0.713√𝑔𝐻 [70] 

2000: SPRINT (HBI Haerter) Gravity driven flows 0.5… 0.67√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

 0.35… 0.47√𝑔𝐻 [66] 

2002: Kunsch ceiling-jet 0.867√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

 0.613√𝑔𝐻 [71] 

2003: CAMATT (CETU) constant Froude number √𝑔𝑑
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

 0.707√𝑔𝑑 [68] 

2004: Shin, Dalziel, Linden gravity-driven flows √𝑔
(𝜌𝑐 − 𝜌ℎ)(𝐻 − ℎ)ℎ

𝜌𝑐ℎ + 𝜌ℎ(𝐻 − ℎ)
 √𝑔𝑑 [79] 

All discussed correlations have one limitation in common: they have been derived for flat ceilings. They 
also have existing asymptotes for intense fires (𝜌ℎ → 0). The asymptotic values for the correlations of 
Yih, Kunsch, SPRINT and CAMATT are close to, yet slightly higher than the asymptotic values of the 
critical velocity (see section 2.4). This is to be expected, as the momentum of the smoke layer will be 
similar to the momentum of the slower but denser ventilation flow when the critical ventilation velocity is 
applied. 

Figure 14 shows the correlations for the six-meter-high tunnel of the example EX1 (see Table 3). The 
correlation derived from Alpert’s correlations (4-5) leads to higher velocities since it represents the 
maximum velocity, rather than the average velocity of the smoke layer. 

The correlation by Kunsch agrees fairly well with the theoretical equation (4-20) for which no Boussinesq 
approximation is made. The latter one is shown in the graph as the correlation by Shin et al. for a ℎ/𝐻-
ratio of 50%. Kunsch applied the propagation velocity directly on the flow, without taking into account 
the effect of the ventilation. He validated his model for upstream flows close to the seat of the fire, at 
critical ventilation velocities. For this validation, he compared the results of his model with fire tests in 
the tunnel or gallery of the HSL in Buxton (𝐻 = 2.5𝑚) and laboratory-scale tests by Megret, Vauquelin 
and Casale [82]. 

In SPRINT, lower propagation velocities are applied (𝑘 = 0.5…0.67) with an upper limit equal to the 
correlation by Yih. In contrast to Kunsch’s model, these velocities are superposed to the ventilation 
velocity. Consequently, the critical velocity is the ventilation velocity which equals the velocity of the 
smoke propagation: the momentum equilibrium is not taken into account and neither is the lower layer 
velocity (which is higher than the main ventilation velocity, as the cold air is forced to flow underneath 
the smoke, through a smaller section). The validation is achieved by the comparison of a single fire test 
in the Memorial tunnel. 

In the proposed model, the correlation by Kunsch is chosen, as it has a more physical background. 
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Figure 14: The smoke propagation velocity as a function of the hot gas layer temperature 

4.5 Heat loss rates 

As the smoke spreads through the tunnel, it loses heat towards the walls and the lower air layer. In this 
section, the sub-model that assesses the heat loss rate is described. First, it is described how heat is 
transferred by convection, radiation, and conduction. Afterwards, the choices for the proposed model 
are clarified. 

Convection 

The hot smoke layer is assumed to travel longitudinally through the tunnel. Therefore, forced convection 
will take place between the smoke layer and the flanking walls. No theoretical model exists to assess 
the convective heat transfer, with exception of direct numerical simulations (DNS) by computational fluid 
dynamics (CFD) simulators. Therefore, in practical applications, the convective heat transfer coefficient 
ℎ𝑐 is always estimated from empirical correlations. 

Many correlations can be found in the literature. Here, the correlation of Gnielinski [83] is applied (4-24), 
which described the convection of turbulent flows through circular tubes. The correlation is also 
employed in CAMATT and in the current one-layer model of FESG. The same correlation can be used 
in the two-layer model by using the hydraulic diameter 𝐻 of the flow section, rather than the entire tunnel 
section. 

ℎ𝑐 =
𝜆 𝑁𝑢

�̅�
, 𝑁𝑢 =

𝜆𝑙
8

𝑅𝑒 − 1000𝑃𝑟

1 + 12.7 (
𝜆𝑙
8
)

1
2
(𝑃𝑟

2
3 − 1)

, 𝑅𝑒 =
𝑢�̅�

𝜈
, 𝜆𝑙 = 0.02, 𝑃𝑟 = 0.7, �̅� =

4𝐴

𝑃
(4-24)

 

Note that the convection coefficient is a function of the flow velocity 𝑢 and the flow temperature 𝑇 through 

the Reynolds number 𝑅𝑒 and the dynamic viscosity 𝜈. 

For the example EX1 (see Table 3), the convective heat coefficient varies from 11.9 to 6.1 W/m²/K and 
for EX2 from 19.8 to 9.4 W/m²/K. The complete profile is presented in Figure 24. 

Radiation 

In the one-layer model, opaque smoke is typically assumed to fill the whole tunnel section. Therefore, 
the radiation can be calculated using a simple equation: 

�̇�" = 휀𝜎(𝑇𝑠
4 − 𝑇𝑤

4) (4-25) 
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With 

�̇�" the heat flux per unit wall area [kW/m²] 

휀 the emissivity of the smoke layer [-] 

𝜎 the Stefan-Boltzmann constant, which equals 5.670∙10-8 W/m²/K4 
𝑇𝑠𝑚, 𝑇𝑤 the smoke temperature and the wall surface temperature [K] 

In the two-layer model, the smoke will exchange convective heat with the adjacent walls, along the wet 
perimeter 𝑃𝑐 of the smoke layer. In addition, the smoke layer also exchanges thermal radiation with the 

cold and with the hot walls, along the smoke perimeter 𝑃𝑟. The concept is illustrated in the figure below. 

 
Figure 15: Radiative and convective heat transfer among two different perimeters 

Conduction 

The conduction through the walls can be simplified by assuming a one-dimensional (4-26) or a cylindric 
heating problem (4-27). The first is more appropriate for rectangular cross-section and small thermal 
penetration depths. The latter is more appropriate for circular sections, horseshoe section or any section 
when the thermal penetration is deep. 

The heat equation can then be simplified further by assuming that no heat generation will take place 
inside the walls and by assuming that the material properties (𝑘, 𝜌, 𝑐) are homogenous, isentropic, and 
independent of the temperature. Consequently, the heat equations can be rewritten as the following 
partial derivatives [84]. 

𝜕𝑇

𝜕𝑡
= 𝛼

𝜕2𝑇

𝜕𝑥2
(4-26) 

𝜕𝑇

𝜕𝑡
= 𝛼

1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑇

𝜕𝑟
) (4-27) 

This derivative can be solved numerically. In the one-layer model, this requires one mesh for every cell 
of the flow domain. In the two-layer model, it requires at least two meshes for every cell (one for the 
‘cold walls’, and one for the ‘hot walls’). As a result, the conduction model does have a large contribution 
to the computational cost of the complete model. 

As briefly mentioned in section 4.1, the proposed model assumes inert walls. The walls are assumed to 
maintain their initial temperature and therefore, only convection and radiation are accounted for. This 
simplification has been made to avoid the complex submodel for conduction. However, in later work, the 
simplification can easily be undone. 

4.6 Solution schemes 

In this section, the applied schemes are explained, and more details are given about the numerical 
techniques. Figure 8 provides visual support. 

Solver of the fire plume 

As mentioned briefly in section 4.1, the flow properties at the seat of the fire (ℎ𝑝𝑙 , 𝜌𝑝𝑙 , 𝑇𝑝𝑙 , �̇�𝑝𝑙) are derived 

by formulating the mass flow rate from three different perspectives. The concept is visualized in Figure 
16. 

𝑃𝑟

𝑃𝑐
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Figure 16: Mass flow at the seat of the fire 

The first mass flow rate is the plume correlation by Ingason and Li (2010), the second is calculated from 
the convective heat and the third from the velocity through the section of the layer. Note that the effect 
of the ventilation flow is accounted for in the plume correlation. For the third mass flow rate, the smoke 
velocity can be considered superposed on the ventilation flow. However, this velocity is eliminated in 
the sum of the flow upstream (�̇�𝑊) and downstream (�̇�𝐸). The set of equations is as follows: 

{
  
 

  
 �̇�1 = �̇�𝑝𝑙 = 0.3735 �̇�𝑐

1
3(ℎ𝑝𝑙 − ℎ𝑓)

5
3𝑉∗

�̇�2 =
�̇�𝑐

𝑐𝑝(𝑇𝑝𝑙 − 𝑇0)
=

�̇�𝑐𝑅

𝑐𝑝𝑝𝑎𝑡𝑚𝑀(
1
𝜌𝑝𝑙

−
1
𝜌0
)

�̇�3 = �̇�𝑊 + �̇�𝐸 = 2(𝐻 − ℎ𝑝𝑙)𝑊𝜌𝑝𝑙𝑢𝑝𝑙

(4-28) 

with 

𝑉∗ = 𝑚𝑎𝑥 ( 0.19 ,
𝑢0
𝑤∗
) , 𝑤∗ = (

𝑔�̇�

𝑏𝑓𝜌0𝑐𝑝𝑇0
)

1
3

, 𝑢𝑝𝑙 = 𝑘√𝑔𝐻
𝜌0 − 𝜌𝑝𝑙

2𝜌0
 

The three mass flow rates combine into two equations, which are solved for the smoke height and smoke 
density with a multivariate Newton Raphson scheme. In order to improve the efficiency of the Newton 
Raphson scheme, the partial derivatives are also calculated analytically. Those partial derivatives are 
presented in Appendix A. Their implementation is verified numerically. The multivariate Newton 
Raphson scheme is given by equation (4-29) [85]: 

𝒙𝑘+1 = 𝒙𝑘 − 𝑱𝑘
−1𝑭(𝒙𝑘) (4-29) 

with 

𝒙 = {
ℎ𝑝𝑙
𝜌𝑝𝑙 

, 𝑭(𝒙) = {
𝑓1(𝒙) = �̇�1 − �̇�2 = 0

 𝑓2(𝒙) = �̇�1 − �̇�3 = 0
, 𝑱 =

[
 
 
 
 
𝜕𝑓1
𝜕ℎ𝑝𝑙

𝜕𝑓1
𝜕𝜌𝑝𝑙

𝜕𝑓2
𝜕ℎ𝑝𝑙

𝜕𝑓2
𝜕𝜌𝑝𝑙]

 
 
 
 

  

Here, 𝒙𝑘 represents the unknowns of a certain timestep at iteration 𝑘. The iteration process is repeated 

until convergence is reached. After convergence, the temperature 𝑇𝑝𝑙, the mass flow rate �̇�𝑝𝑙 and the 

velocity 𝑢𝑝𝑙 are obtained from the height ℎ𝑝𝑙 and the density 𝜌𝑝𝑙. 

Solver of the upstream flow 

The upstream mass flow rate is determined as discussed in section 4.2: the influence of the ventilation 
velocity is not taken into account. Therefore, the mass flow rate can be written as follows: 

�̇�𝑢𝑝 =
1

2
�̇�𝑝𝑙,0 =  0.03548 �̇�𝑐

1
3(ℎ𝑝𝑙 − ℎ𝑓)

5
3 (4-30) 

Before the properties of the upstream mass flow are calculated, it is verified if an upstream mass flow 
would occur. This is done with the same criterium as for the back-layering front (4-34). If the ventilation 
flow has sufficient momentum to counter the smoke flow at the seat of the fire, no back-layering will 
occur, and the calculations are stopped. 

If not, the smoke layer height, velocity, and temperature (or density) need to be calculated. Since the 
complex nature of the heat equation, this process is done iteratively, according to the following scheme: 

�̇�𝑝𝑙

�̇�𝐸�̇�𝑊

ℎ𝑝𝑙

𝜌𝑝𝑙
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1. The temperature is estimated to equal the temperature of the neighbouring cell downstream. For 
the first cell, this is the plume temperature. The density follows from the ideal gas law. 

2. The velocity is calculated from the smoke propagation correlation by Kunsch [71]. Here, no influence 
of the ventilation velocity is modelled. 

𝑢ℎ,𝑃0 = 𝑘√𝑔𝐻
𝜌0 − 𝜌ℎ,𝑃0
2𝜌0

 (4-31) 

Note that in SPRINT, a superposition of a similar correlation with the ventilation velocity is applied. 
However, this superposition does not allow to balance the momentum of the involved flows (as it 
balances the velocity instead). 

3. The height of the smoke layer is calculated from the mass balance: 

�̇�𝑢𝑝 = 𝜌ℎ,𝑃0(𝐻 − ℎ𝑃0)𝑊𝑢ℎ,𝑃0 → ℎ𝑃0 = 𝐻 −
�̇�𝑢𝑝

𝜌ℎ,𝑃0𝑊𝑢ℎ,𝑃0
 (4-32) 

4. Next, the heat balance is employed to make a new temperature approximation 𝑇𝑃0 for cell P0 (Figure 
17). A simple finite volume method is employed. The walls and lower air layer are assumed to 
maintain their initial temperature and therefore, the heat losses of the smoke layer can be calculated 
as explained in section 4.5. For the ease of implementation, a simple upwind interpolation scheme 

is used (𝑇ℎ,𝐸0 = 𝑇ℎ,𝐸1, 𝑇ℎ,𝑊0 = 𝑇ℎ,𝑃0) to assess the inflowing and outflowing heat rates (�̇�𝑖𝑛 =

�̇�𝑢𝑝𝑐𝑝𝑇ℎ,𝐸0 = �̇�𝑢𝑝𝑐𝑝𝑇ℎ,𝐸1, �̇�𝑜𝑢𝑡,𝑃0 = �̇�𝑢𝑝𝑐𝑝𝑇ℎ,𝑊0 = �̇�𝑢𝑝𝑐𝑝𝑇ℎ,𝑃0). Therefore, the new temperature 

approximation of 𝑇ℎ,𝑃0 is calculated from the equation below. 

�̇�𝑜𝑢𝑡,𝑃0 = �̇�𝑖𝑛,𝑃0 − �̇�𝑙𝑜𝑠𝑠,𝑃0 → 𝑇ℎ,𝑃0 =
�̇�𝑖𝑛,𝑃0 − �̇�𝑙𝑜𝑠𝑠,𝑃0

�̇�𝑢𝑝𝑐𝑝
(4-33) 

Step 2 is resumed with the new temperature approximation. 

The process is repeated until convergence is reached. The simple upwind scheme requires small cells 
and therefore, neighbouring cells have similar temperatures. Consequently, convergence is reached 
after a couple of iteration. More advanced interpolation schemes, such as parabolic upwind schemes, 
can be applied later to create a more stable finite volume method that allows for bigger mesh cells and 
are therefore less computational costly. 

 
Figure 17: Heat balance of cell P0 

After convergence, the overall momentum balance of the cell is verified. Kunsch [71] derived a formula 
to verify if the momentum of the main velocity balances out the momentum of the back-layering flow. In 
his derivation, he assumes that the back-layering front deflects and flows downstream at the same 
speed as the cold air flow below it. This cold air flow increases velocity once it flows underneath the 
smoke layer, as the section of the flow is reduced. The confinement ventilation velocity that is required 
to halt the smoke layer propagation (𝑢0,𝑟,𝑃0) is given by the following equation [71]: 

𝑢𝑐𝑜𝑛𝑓,𝑃0
2 =

𝐻 − 2𝑑𝑃0
𝐻 + 2𝑑𝑃0

[4 (1 −
𝜌𝑃0
𝜌0
)𝑔
𝑑𝑃0(𝐻 − 𝑑𝑃0)

𝐻
+ (
𝜌𝑃0
𝜌0
) 𝑢𝑃0

2
𝐻 − 4𝑑𝑃0

𝐻
 ] (4-34) 

Therefore, the condition 𝑢0
2 ≥ 𝑢𝑐𝑜𝑛𝑓,𝑃0

2  is checked for every cell. Once the condition is true, the 

momentum is in equilibrium and the back-layering front is reached. 
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Solver of the downstream flow 

The solver of the downstream flow is conceptionally identical to the solver of the upstream flow. Only 
three differences are present: 

• As the upstream flow is always present, there is no need to verify this. 

• When the flow loses buoyancy, it is carried with the ventilation flow. Therefore, the ventilation 
velocity defines the minimum smoke propagation velocity. 

• As the upstream flow is unbalanced, the iterations are stopped when a predefined length (instead 
of a momentum equilibrium) is reached. This is typically the downstream portal of the tunnel.  
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5 DISCUSSION OF THE RESULTS 

In this chapter, the outcome of the model is presented by means of examples EX1 and EX2 (Table 3). 
The first example corresponds to the peak heat release rate of a single passenger car [53], the second 
of two busses, a small lorry or a metro carriage [53]. The effect of the prescribed heat release rate and 
ventilation velocity are discussed, and the comparison has been made with empirical correlations and 
experimental data. 

The first section discussed the critical velocity, and the second section elaborates on the flow properties. 
Next, the back-layering length is examined. Last, the effect of an elevated fire seat is treated.  

5.1 Critical velocity 

The model that is proposed in chapter 4 does not require the explicit assessment of the critical velocity. 
However, this velocity can be calculated easily in an iterative process: 

1. An initial guess is made for the critical ventilation velocity. 
2. The properties at the seat of the fire are calculated by ‘the solver of the fire plume’ (see section 4.1). 
3. The critical ventilation velocity is calculated as the confinement velocity (4-31), considering the 

properties at the fire plume as the properties at the back-layering front. 
4. Step two is repeated with the new ventilation velocity until convergence occurs. 

Figure 18 shows the critical velocity for EX1 (see Table 3). The radius of the seat of the fire varies with 
the total heat release rate to maintain the prescribed heat release rate per unit area of 1MW/m². 

 
Figure 18: Critical velocity as a function of the total heat release rate for EX1 

The RMSD is calculated for a heat release rates up to 87.8 MW (validity domain) 

The employed plume mass flow rate is derived from a free plume model and, therefore, loses accuracy 
when the flames reach the ceiling. The average height of the flames can be estimated with the empirical 
correlation by Heskestad [86]: 

𝐻𝑓 = 0.235�̇�
2
5 − 2.04𝑏𝑓 (5-1) 

Although this flame length correlation itself is derived for free plumes of round pool fires, it can offer a 
rough approximation for flame lengths in tunnels. For EX1, the flames touch the ceiling for heat releases 

of 6.7 MW and larger (11.4 MW when ℎ𝑓 equals 0). However, the plume correlation has been validated 

by Li, Lei and Ingason for tunnel fires with small-scale and large-scale experimental data and seem to 
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agree with this data till a temperature rise Δ𝑇𝑝𝑙 equal to 1350 K occurs. This occurs for heat releases of 

73.2 MW and larger (87.8 MW when ℎ𝑓 equals 0). 

The critical velocity reaches a maximum value for heat releases rates of 45 MW (42 MW when ℎ𝑓 equals 

0 m) and slowly decreases for more intense fires. This is contractionary to the constant critical velocity, 
generally assumed in literature for high heat release rates. This effect is related to the lowering mass 
flow rate: the decreasing smoke layer height leads to less air entrainment, despite the rising heat release 
rate and rising fire radius, as shown in Figure 19. 

 
Figure 19: Smoke layer height and plume mass flow rate in function of the heat release rate (EX1) 

Regardless of this slight decay, this outcome of the proposed model agrees well with the correlations. 
Note that the correlation of Li, Lei and Ingason [52] is obtained from small-scale tests for which the 
methane burner was placed in the floor of the model. Therefore, the results should be primary compared 

to a similar problem (ℎ𝑓 equal to 0 m). The agreement is qualified by the root mean squared deviations 

(RMSD) of the correlations and the model (ℎ𝑓 equalling 0) over the validity domain (0 – 87.8 MW). The 

RMSDs are listed in Figure 18. 

The critical velocity of the proposed model can also be compared directly to experimental data. For this 
purpose, the example above has been presented on a dimensionless graph (Figure 20). The 
dimensionless parameters are scaled with the tunnel height (2-9), even though some of the correlations 
employ different scales. 

Figure 20 shows the critical velocity of the proposed model as well as experimental data. The large-
scale experimental data is gathered by Li, Lei and Ingason [45] from different fire tests in the Memorial 
tunnel, the Runehamar tunnel, the Yuanjiang tunnel and the Repparfjord tunnel. The values are 
corrected for short back-layering lengths and slopes by Li, Lei and Ingason. A more detailed description 
of the tests can be found in [87], [88]. The small-scale experiments were conducted by Li, Lei and 
Ingason themselves [45]. 

Figure 20 reveals that the experimental data is well scattered and that the outcome of the correlations 
and models should always be treated carefully, as the uncertainties are high. Nevertheless, the 
experimental data and the outcome of the proposed model are considered to have a satisfactory 
agreement. 
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Figure 20: Dimensionless critical velocity, presented with experimental data from Li, Lei & Ingason [45] 

For EX1 and EX2, the critical velocity is equal to 2.39 m/s and 3.24 m/s respectively (according to the 
proposed model). The sensitivity of this outcome to the input values is represented in the tornado 
diagram below, which shows the effect on the critical velocity when the input values are increased or 
decreased by 10%. Note that sensitivities do depend on the chosen base case. Moreover, the sensitivity 
also depends on the chosen unit of the input parameter. Here, the initial temperatures increase and 
decrease is expressed in degrees Celsius (±1.5°C) and not in degrees Kelvin (which would lead to ± 

29K). Naturally, the choice of parameter does also influence the result (𝐻𝑒𝑓𝑓 = 𝐻 − ℎ𝑓 and not ℎ𝑓, 𝑊 

and not 𝜑 = 𝑊/𝐻, �̇�" and not 𝑏𝑓…). 

 
Figure 21: Sensitivity of the critical velocity for EX1 and EX2 

The critical velocity is not very sensitive to the input values, because a 10% change in input values leads 
to smaller changes (with exception of the height for EX2). The two most important sensitivities are the 

effective height and the total height. For EX1, the outcome is also sensitive to �̇� and 𝜒𝑐. Due to the 
decreasing critical velocities for higher heat releases (discussed above), these sensitivities reverse for 
EX2. Note that they are more significant than what would be expected from Figure 19. This is because 
the absolute increase of heat is much higher in EX2 (10% of 60 MW compared to 10% of 5 MW), while 
for all other parameters, the increase and the decrease are identical for both problems. 
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5.2 Flow profiles 

The proposed model provides the flow properties as a function of the distance to the seat of the fire. 
This is illustrated with EX1 and EX2 in Figure 22 and Figure 23. The negative distances represent 
locations upstream of the seat of the fire, and the positive distances represent downstream locations. 

  

 
Figure 22: Temperature, height, and velocity profiles of the smoke layer of EX1 

The smoke temperatures of EX1 are the highest close to the seat of the fire and decrease with distance, 
due to the heat loss. Further away from the seat of the fire, the temperature gradient is lower, as the 
heat loss is driven by a lower temperature difference between the smoke and the walls. A similar profile 
occurs for the smoke velocity, as the smoke propagation is driven by buoyancy. At a certain distance 
downstream from the seat of the fire (here 90.3 m), the smoke layer has cooled down sufficiently and 
the smoke propagates at the main ventilation velocity. Since the temperature decrease (density 
increase) comes with a decrease in velocity, the smoke layer heights remain quite constant in the 
downstream and the upstream flow. 

The same trends are visible for EX2 (Figure 23). The more intense fire results in higher temperatures 
and higher smoke layer velocities. Due to the higher temperature gradients, the smoke layer height 
changes significantly, close to the seat of the fire. 
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Figure 23: Temperature, height, and velocity profiles of the smoke layer of EX2 

The temperature profile can be compared with the analytical steady-state formula, derived by Ingason, 
Li and Lönnermark for longitudinal ventilated tunnels [89]: 

𝛥𝑇(𝑥)

𝛥𝑇𝑚𝑎𝑥
= 𝑒𝑥𝑝 (−

ℎ𝑡(𝑊 + 2𝑑 )

�̇�𝑐𝑝
𝑥) (5-2) 

To derive this formula, three assumptions are made: (1) entrainment can be neglected, (2) the smoke 
height is constant and (3) the heat losses can be presented by a constant heat coefficient ℎ𝑡. The latter 
assumption is the most problematic, especially for fires with high smoke temperatures for which radiation 
is dominant. Consequently, the value of ℎ𝑡 should be chosen wisely. The value 25 W/m²/K is suggested 
[89], and therefore also applied here to compare the model with the formula. 

Figure 24 shows the total heat coefficient ℎ𝑡, which correspond to the heat loss calculations of the 
proposed model. For EX1, 25 W/m²/K is a reasonable assumption. For EX2, the high temperatures lead 
to dominating radiative losses (fourth power in (4-25)). Consequently, the heat loss coefficient is far less 
constant. 

Despite the assumptions, Ingason, Li and Lönnermark found that the temperature profiles in small-scale 
and large-scale tunnel fires relates well with an exponential formula (5-3). The large-scale experimental 
data originates from fire tests in the Memorial tunnel and the Runehamar tunnel, mentioned before. 

𝛥𝑇(𝑥)

𝛥𝑇𝑚𝑎𝑥
= 0.55 𝑒𝑥𝑝 (−0.143

𝑥

𝐻
) + 0.45 𝑒𝑥𝑝 (−0.024

𝑥

𝐻
) (5-3) 

The empirical formula (5-3) does not take into account the temperature rise at the seat of the fire Δ𝑇𝑚𝑎𝑥, 
nor does it take into account the ventilation velocity. Note that, despite the numerous data points, the 
formula is based on a limited number of fire scenarios and tunnels and that it should be treated critically. 
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Figure 24: Comparison between the constant heat loss coefficient and the proposed model (for EX1 and EX2) 

Figure 25 shows the dimensionless temperature rise Δ𝑇/Δ𝑇𝑚𝑎𝑥 as a function of the dimensionless 

distance to the seat of the fire 𝑥/𝐻. For the theoretical formula (5-2), the average height ℎ and the 

downstream smoke mass flow rate �̇� are adopted from the proposed model. 

 
Figure 25: Downstream temperature profile for EX1, with a ventilation velocity of 1.5 m/s. 

The theoretical and empirical formula, as well as the experimental data, are adopted from [89]. 

The theoretical formula shows a good agreement (RMSD = 0.03), as expected due to the reasonable 
heat loss coefficient (Figure 24). The empirical formula does not show a good agreement. This is 
probably caused by two inaccurate assumptions: (1) the mass distribution upstream and downstream 
and (2) the inert walls. Appendix B elaborates on this matter. The disagreement is even higher for EX2 
(also presented in Appendix B). 

5.3 Level of stratification 

The model does not consider entrainment or mixing of the two layers. In reality, the stratification of 
smoke flow over fresh air disappears at a certain distance, where the buoyancy forces become weak, 
as explained in section 2.2. It is at the beginning of the second region (RII) that the stratification becomes 
less distinct. At the end of the region, stratification is entirely absent. Table 6 shows the position of this 
region. To calculate the temperature difference of the Froude number 𝐹𝑟𝑁, the difference between the 
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two layers is used. Therefore, the Froude number might be slightly overestimated, resulting in shorter 
distances to the seat of the fire. 

Table 6: Position of destratification (region RII) for EX1 

Source Froude number Limits of RII [-] Position of RII [m] 
Newman (1984) [42] 𝐹𝑟𝑁 0.90 10.0 154.1 527.3 

Nyman and Ingason (2012) [34], [43] 𝐹𝑟𝑁 0.90 3.20 154.1 350.4 

Zeng, Xiong et al. (2018) [44] Correlation for length, see equation (2-5) 108.6 

This position varies significantly (from 109 to 527m), depending on the author and consequently, no 
strong conclusion can be drawn without further research. 

Note that the densimetric Froude number reaches 0 where the downstream velocity is assumed to equal 
the velocity of the fresh air below (for this example, this occurs at 90 m). Therefore, this number is of no 
use for the model. However, the densimetric Froude number can be calculated when other modelling 
assumptions are made, such as the superposition of the ventilation velocity and the smoke propagation 
(as in SPRINT). In this case, the number cannot be considered a pure ‘measurement’, as it is partly 
defined by the chosen smoke propagation velocity: 

𝐹𝑟𝜌 =
𝑢𝑟

√𝑔𝑑
𝜌𝑐 − 𝜌ℎ
𝜌𝑐

=

 𝑘√𝑔𝐻
𝜌𝑐 − 𝜌ℎ
2𝜌𝑐

√𝑔𝑑
𝜌𝑐 − 𝜌ℎ
𝜌𝑐

= 𝑘√
𝐻

2𝑑
(5-4) 

Therefore, the Froude number is dictated by the velocity correlation (𝑘) and the layer thickness (𝑑), 
which remains rather constant. In CAMATT, a constant Froude number is even predefined for the 
downstream flow. 

5.4 Back-layering length 

One of the most important features of the proposed model is its prediction of the back-layering length. 
This length is a crucial parameter for risk assessment concerning life safety. Figure 26 shows the results 
of the proposed model for EX1 and Figure 27 for EX2, for varying ventilation velocities. Figure 28 shows 
the results for varying heat release rates. 

 
Figure 26: Back-layering length as a function of the ventilation velocity for EX1 (�̇� = 5 𝑀𝑊) 

The RMSD is calculated for a ventilation velocity in between 0.25 and 2.19 m/s (critical velocity) for ℎ𝑓 = 0 𝑚 

The proposed model shows a good agreement with the back-layering length predictions, found in the 
literature, especially with the correlation by Li, Lei and Ingason. However, for particularly low ventilation 
velocities, the model does not reveal asymptotic behaviour. Nevertheless, this asymptotic behaviour is 
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expected, as the back-layering flow can propagate unrestrained for tunnels without ventilation flow. This 
might be related to the confinement velocity (4-32): for low ventilation velocities, the first term in between 
the brackets does not tend towards zero. Nevertheless, further research is required to make eloquent 
statements. When small ventilation velocities are applied (smaller than 10% of the critical velocity), it is 
advisable to consider unrestrained back-layering lengths. This is true even when the correlation of Li et 
al. is employed since the obtained length is extremely sensitive to the velocity. 

Note that for EX2, the low ventilation velocity and the corresponding low plume entrainment lead to high 
plume temperatures. The temperature rise Δ𝑇𝑝𝑙 is below 1350 K for ventilation velocities equal to and 

above 2.25 m/s. For lower velocities, the plume mass correlation might become inaccurate. However, 
Figure 27 shows that good agreements are found for much lower ventilation velocities, despite the 
correlation’s limitations. 

 
Figure 27: Back-layering length as a function of the ventilation velocity for EX2 (�̇� = 60 𝑀𝑊) 

The RMSD is calculated for a ventilation velocity in between 0.25 and 3.50 (critical velocity) for ℎ𝑓 = 0 𝑚 

The outcome of the proposed model can be compared to the experimental data of Li, Lei and Ingason 
[45], used to obtain the empirical correlation. In order to compare the small-scale fire test with the 
example problem, the data is expressed in the dimensionless confinement velocity 𝑢/𝑢𝑐𝑟 and the 

dimensionless back-layering length 𝐿𝑏/𝐻. The result is given in Figure 29. 

The proposed model fits almost perfectly with the experimental data points. The slight discrepancies 
between the empirical correlation by Li, Lei and Ingason and the model, visible in Figure 26, Figure 27 
and Figure 28 are therefore mainly caused by the discrepancies in the critical velocity. This is confirmed 
by Figure 18 and Figure 26: as the problem with ℎ𝑓 equal to 1 m correspond better to the correlation for 

the critical velocity by Li et al, it also corresponds better to the correlation for the back-layering length. 
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Figure 28: Back-layering length as a function of the heat release rate, for EX1 (𝑢0 = 1.5𝑚/𝑠) 
The RMSD is calculated for heat release rates up to 87.8 MW (validity domain) for ℎ𝑓 = 0 𝑚 

 
Figure 29: Dimensionless back-layering length as a function of the dimensionless confinement velocity 

presented with experimental data obtained by Li, Lei and Ingason [45] 

For EX1 (5 MW, Table 3), the back-layering length is equal to 41m (according to the proposed model). 
The sensitivity of this outcome to the input values is represented in a tornado diagram (Figure 30), which 
shows the effect on the back-layering length when the input value is decreased or increased by 10%. 
This figure also presents the sensitivities of EX2 (60 MW, Table 3). 

The back-layering length is very sensitive to the input values, as a 10% change in input value leads to 
changes up to 30% for EX2. The sensitivities to the ventilation flow and the tunnel geometry are the 
highest. For EX1, the next important parameter is the heat release rate and convective heat release rate 

(�̇� and 𝜒𝑐). For EX2, the back-layering length is less much sensitive to the heat release. 
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Figure 30: Sensitivity of the back-layering length for EX1 and EX2 

5.5 Effective height and total height 

Most small-scale fire tests are performed with a gas burner at ground level. For large-scale tests, liquid 
pool fires are often positioned on the floor. As a result, the effective height 𝐻𝑒𝑓𝑓 and total height 𝐻 are 

identical and the elevation of the fire source ℎ𝑓 is often disregarded. However, the importance of this 

parameter has been reflected by the model, as shown in Figure 18 till Figure 30. 

Despite the sensitivity of the result to this parameter, it might not be desirable to consider the height of 
the seat of the fire, as it is a difficult parameter to define for three-dimensional fires, such as vehicle 

fires. Above, it has been shown that assuming the seat of the fire to be levelled with the floor (ℎ𝑓 = 0), 

leads to conservative values, regarding the back-layering length. However, when the seat of the fire is 
positioned closer to the ceiling, the smoke temperature is higher and the smoke spreads faster (Figure 
23). This is to be expected, as the heat is divided over less entrained air and therefore, the buoyancy is 
higher. Similar trends were noticed from experiments in recent research by Liu, Fang, Tang, Beji and 
Merci [90]. 

Consequently, the effect of ℎ𝑓 should always be studied for structural stability and for life safety of 

occupants located underneath the back-layering flow. 

5.6 Calculation time 

The objective of the model is to predict back-layering and stratification in a fast and reliable manner. A 
low calculation time is important for probabilistic risk assessments that employ sampling techniques and 
therefore require the simulation of thousands of scenarios. 

The calculation time is presented in Figure 31 for varying simulated length. The varying simulated 
lengths are established by varying the downstream length of the tunnel. The tests are performed on a 
conventional laptop (HP ENVY x360, Intel Core i5 8265U 1.6 GHz - 3.9 GHz, 8 GB DDR4-2400 
SDRAM). Three tests are performed per example and additional efforts are taken to minimize the 
inevitable influence of background processes. Nevertheless, the reader should keep in mind that the 
calculation time is only a rough approximation of the computational cost. 
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Figure 31: Calculation time in function of the simulated length for examples EX1 and EX2 

From Figure 31, it can be concluded that it takes about 1 second to simulate the steady-state flow over 
1 km. This calculation time is found to be satisfactory, as it allows for a thousand simulations of short 
tunnels (< 1 km) in less than a quarter of an hour. Note that, once conduction through the walls is 
implemented, the calculation time will increase significantly and should be re-evaluated.  
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6 CONCLUSION 

Fires in tunnels can have severe consequences. Examples are the BAKU metro tunnel fire of 1995 (289 
fatalities and 265 injuries), the Mont Blanc road tunnel fire of 1999 (all 39 occupants died) and the Daegu 
subway tunnel fire of 2003 (over 192 fatalities) [1]. Life safety is not naturally guaranteed in tunnels, 
neither is structural stability or traffic continuation. Therefore, a comprehensive risk assessment of 
existing and new designs is indispensable. Such a risk assessment requires a reasonably fast and 
accurate smoke behaviour model. One-dimensional, one-layer models provide fast simulations but are 
not able to predict stratification or back-layering phenomena. 

A model is developed in Python 3.9. It considers the separation of a hot smoke layer and a cold fresh 
air layer, analogue to the two-zone model for enclosures. Unlike simple empirical correlations, the model 
is not only able to predict the back-layering length, but also the temperature, velocity, and layer thickness 
variations along the length of the tunnel. The model considers the tunnel’s geometry, applied ventilation 
strategies and fire parameters. Unlike complex three-dimensional CFD calculations, the simulations are 
obtained almost instantaneously. 

The concept is visualized in Figure 8. It consists of three main parts. First (1), a system of equations is 
solved numerically to obtain the smoke layer properties at the seat of the fire (temperature, density, 
velocity, mass flow and layer thickness). The system includes empirical correlations to assess the plume 
entrainment and the smoke velocity. The mass flow rate is divided over the upstream and the 
downstream flow. Next (2), the flow properties are calculated cell by cell in an upstream direction. For 
every cell, an iteration process solves the mass balance and the heat balance, as well as a velocity 
correlation that replaces the momentum balance. When convergence within a cell is reached, the 
properties are calculated for the upstream neighbour and so on, until the momentum of the back-layering 
front is in equilibrium with the ventilation flow. Last (3), a similar calculation is made for the downstream 
flow. However, in contrast to the upstream flow, the downstream flow is unbalanced, and the calculations 
are stopped when a predefined length is reached. 

The proposed model comes with some important simplifications (elaborated upon in section 4.1), which 
can be reversed in later research. The most important simplifications are the steady-state conditions, 
inert walls, strictly longitudinal ventilation, and constant rectangular cross-sections. 

Despite these simplifications, the outcome of the model corresponds well to the correlations and 
experimental data found in the literature and the objective is achieved: the back-layering effect and 
stratification are predicted in a fast and reliable manner. This is presented by means of two example 
problems (Table 3), which represent a fire involving a single passenger car (EX1) and a fire involving 
two busses, a small lorry, or a metro carriage (EX2). 

For the six-meter-high and twelve-meter-wide tunnel of the examples, the model can calculate critical 
velocities for fires up to 73.2 MW when the source is elevated with one meter, up to 87.8 MW for fire 
sources without elevation. The outcome is in good agreement with the correlation of Li, Lei and Ingason 
[45] (although slightly lower) and is congruent with the scattered experimental data. 

The temperature profiles agree reasonably well with the theoretical and empirical formulae 
accomplished by Ingason, Li and Lönnermark [89] for supercritical ventilation flows and low heat release 
rates (like EX1). The implementation of a more elaborate heat loss model, including the conduction 
through the walls, would improve the accuracy. This is especially true when the heat release rate is high. 
Moreover, for subcritical velocities, more research should be performed to investigate the influence of 
the deflected back-layering flow, as discussed in Appendix B. 

The back-layering lengths agree well with the correlation by Hu, Huo and Chow and the correlation by 
Li, Lei and Ingason (although slightly higher). When analysing the dimensionless back-layering length 
as a function of the dimensionless velocity, a high level of congruence can be noticed with the small-
scale experiments of Li, Lei and Ingason. Therefore, it can be concluded that the slight deviation of the 
back-layering length is due to the deviation in critical velocity. 

Notwithstanding the adequate agreement of the proposed model with the experimental data, some 
improvements can be realized in further research to enhance the accuracy and expand the domain of 
validity of the model. Below, a few potential topics are listed: 
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• Implementation of a plume entrainment model for high heat release rates. 

• Implementation of a more elaborate heat loss model, including conduction through the walls. 

• Research concerning the influence of the deflected back-layering flow on the flow properties 
downstream from the seat of the fire. 

• Research concerning the confinement criterium to increase accuracy for low ventilation velocities. 

• Implementation of entrainment and detrainment between the upper and lower layer. 

• Adjustment of the balances and correlations to deal with non-rectangular, varying cross-sections. 

• Research concerning destratification downstream. 

• Adjustments of the balances to simulate the transient conditions. 

• Implementation of an overall momentum balance as replacement of the predefined ventilation flow. 
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APPENDIX A: DERIVATIVES OF THE PLUME MASS FLOWS 

This appendix deals with the partial derivatives, required to calculate the fluid properties (ℎ𝑝𝑙, 𝜌𝑝𝑙, 𝑇𝑝𝑙, 

𝑢𝑝𝑙, �̇�𝑝𝑙) at the seat of the fire, employing a multivariate Newton Raphson scheme. To obtain these 

properties, the following three mass flow rates are equated: 

{
  
 

  
 �̇�1 = �̇�𝑝𝑙 = 0.3735 �̇�𝑐
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The multivariate Newton Raphson scheme is executed in the following form [85]: 

𝒙𝑘+1 = 𝒙𝑘 − 𝑱𝑘
−1𝑭(𝒙𝑘) (𝐴2) 

with 

𝒙 = {
ℎ𝑝𝑙
𝜌𝑝𝑙 

, 𝑭(𝒙) = {
𝑓1(𝒙) = �̇�1 − �̇�2 = 0
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The partial derivatives are calculated analytically, as this is the most efficient and accurate manner. 
However, the specific heat capacity 𝑐𝑝 is assumed to be independent of 𝜌𝑝𝑙 (or 𝑇𝑝𝑙). The dependency is 

so weak that the required number of iterations will not be influenced by this simplification. 

The partial derivatives of the mass flow rates are given below. The implementation is verified numerically 
(through a simple forward finite difference method). 
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APPENDIX B: TEMPERATURES PROFILES DOWNSTREAM 

As discussed in section 5.2, there is a mismatch between the temperature profile downstream as a 
result of the proposed model and derived from correlations found in the literature. In this appendix, three 
probable causes (inaccurate simplifications) are discussed. 

• For low heat release rates, the theoretical formula and the proposed model are reasonably 
congruent. This is visible for example EX1 with ventilation velocities equal to 1.5 m/s and 2.5 m/s in 
Figure 32. Small differences could be caused by the simplification of the theoretical formula (the 
constant heat loss coefficient). For high heat release rates, this assumption is less accurate (Figure 
24) and produces a higher level of disagreement between the formula and the model (Figure 33). 

• However, the disagreement with the experimental formula also increases for high heat release rates. 
This is likely to be caused by the inert wall assumption of the proposed model. To fully assess the 
consequences of this assumption, conduction through walls should be implemented in the model. 

• Figure 32 and Figure 33 also uncover a second assumption of the proposed model that contribute 
to the discrepancies. Both figures show that the temperature profiles of supercritical ventilation 
velocities (2.5 m/s and 3.6 m/s) have a better agreement with the empirical formula, which indicates 
that there might be a problem with disregarding the deflected back-layering flow for subcritical 
ventilation velocities. The upstream mass flow rate is assumed to leave the tunnel through a portal 
or to deflect at the back-layering front and mix with the ventilation flow. The stored heat in this layer 
is not taken into account. This assumption is less accurate for short back-layering lengths (see the 
discussion in section 4.3). The reader is reminded that the back-layering length equals 41.2 m for 
EX1 and 40.7 m for EX2. 

 
Figure 32: Downstream temperature profile for EX1 with subcritical and supercritical ventilation flows 

The theoretical and empirical formula, as well as the experimental data, are adopted from [89]. 
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Figure 33: Downstream temperature profile for EX2 with subcritical and supercritical ventilation flows 

The theoretical and empirical formula, as well as the experimental data, are adopted from [89]. 

To examine the effect of this last simplification, a comparison is made with another assumption: the 
deflected back-layering flow is assumed to stay buoyant and join the smoke of the fire plume in the 
downstream smoke layer. This concept is illustrated in Figure 34. 

 

Figure 34: Different assumption regarding the downstream mass flow rate and temperature 

The implementation of this different assumption, introducing a third layer, has some more profound 
implications. Among others, there is the implication that the back-layering flow no longer radiates heat 
towards the floor and lower walls, but exchanges heat with the deflected back-layering flow. Therefore, 
the properties of the flow are coupled to the properties further upstream. 

However, in the following calculations, the following assumptions are made: 

• The properties of the back-layering flow are calculated as described before. Heat is exchanged as 
described in chapter 4. 

• The deflected back-layering flow does not exchange net heat (the heat loss towards the walls and 
the air below are assumed to equal the gains from the hotter layer above). Therefore, the flow arrives 
back at the seat of the fire with a temperature equal to the temperature at the back-layering front. 

• The two layers mix perfectly at the seat of the fire. The mass flow rate of the downstream flow equals 
the entire plume entrainment �̇�𝑝𝑙. The temperature is averaged over the mass rates of the two 

layers: 

𝑇𝑐𝑜𝑟 =
𝑇𝑓𝑟�̇�𝑢𝑝 + 𝑇𝑓𝑟(�̇�𝑝𝑙 − �̇�𝑢𝑝)

�̇�𝑝𝑙
(𝐶1) 

These assumptions allow an easy implementation but require further research to be justified. They are 
only made to quickly examine the effect of the deflected back-layer. 
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The result is given in Figure 35 (EX1) and Figure 36 (EX2). For both examples, the agreement with the 
empirical formula is improved. 

 
Figure 35: Corrected downstream temperature profile for EX1, considering the deflected back-layering flow 

 
Figure 36: Corrected downstream temperature profile for EX2, considering the deflected back-layering flow 
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APPENDIX C: CODE OF THE PROPOSED MODEL 
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""" 

Arthur Rohaert 

------------------------------------------------------------------------------- 

Master dissertation 

STRATIFICATION AND BACK-LAYERING MODELLING FOR LONGITUDINAL VENTILATED TUNNELS 

 

January - May 

2021 

############################################################################### 

""" 

 

import numpy as np 

import csv 

 

############################################################################### 

""" SEAT OF THE FIRE """ 

############################################################################### 

 

 

def density(T=288.15, p=101325, M=0.02897): 

    """ Returns the density of air or smoke, depending on the temperature, in 

    accordance with the ideal gas law. SI units are used.""" 

 

    R = 8.31446261815324 

    return p * M / (T * R) 

 

 

def heat_capacity(T=288.15): 

    """ Returns the specific heat capacity of air or smoke, depending on the 

    temperature. SI units are used, except for heat (kJ or kW). 

    This function is originally written by Matteo Pachera.""" 

 

    temperature = [250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 

                   900, 1000, 1100, 1200, 1300, 1400, 1500] 

    capacity = [1.003, 1.005, 1.008, 1.013, 1.020, 1.029, 1.040, 1.051, 1.063, 

                1.075, 1.087, 1.099, 1.121, 1.142, 1.155, 1.173, 1.190, 1.204, 

                1.216] 

    return np.interp(T, temperature, capacity) 

 

 

def viscosity(T): 

    """ Returns the dynamic viscosity of air, depending on the temperature. SI 

    units are used, except for heat (kJ or kW). 

    This function is originally written by Matteo Pachera.""" 

     

    temperature=[175,200,225,250,275,300,325,350,375,400,450,500,550,600,650, 

                 700,750,800,850,900,950,1000,1050,1100,1150,1200,1250,1300, 

                 1350,1400,1500,1600,1700,1800,1900] 

    viscosity=np.array([1.182,1.329,1.467,1.599,1.725,1.846,1.962,2.075,2.181, 

                        2.286,2.485,2.67,2.849,3.017,3.178,3.332,3.482,3.624, 
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                        3.763,3.897,4.026,4.153,4.276,4.396,4.511,4.626,4.736, 

                        4.846,4.952,5.057,5.264,5.457,5.646,5.829,6.008])*1E-5 

    return np.interp(T, temperature, viscosity) 

 

 

def conductivity(T): 

    """ Returns the thermal conductivity of air, depending on the temperature. 

    SI units are used, except for heat (kJ or kW). 

    This function is originally written by Matteo Pachera.""" 

     

    temperature=[175,200,225,250,275,300,325,350,375,400,450,500,550,600,650, 

                 700,750,800,850,900,950,1000,1050,1100,1150,1200,1250,1300, 

                 1350,1400,1500,1600,1700,1800,1900] 

    conductivity=np.array([1.593,1.809,2.02,2.227,2.428,2.624,2.816,3.003, 

                           3.186,3.365,3.71,4.041,4.357,4.661,4.954,5.236, 

                           5.509,5.774,6.03,6.276,6.52,6.754,6.985,7.209, 

                           7.427,7.64,7.849,8.054,8.253,8.45,8.831,9.199, 

                           9.554,9.899,10.233])*1E-2 

    return np.interp(T, temperature, conductivity) 

 

 

def smoke_velocity(H, rho_0, rho): 

    """ Returns the smoke velocity according to the correlation by Kunsch 

    (2002). SI units are used. """ 

     

    g, k = 9.81, 0.867 

    return k * (g*H*(rho_0-rho)/(2*rho_0))**0.5 

 

 

def mass_balances_plume(H, W, h_f, h_pl, rho_0, rho_pl, Q, Xc, b_f, u_0): 

    """ Returns the function residuals (F) and the inverse of the Jacobian (J) 

    of the set of equations, solved to obtain the smoke height and smoke 

    temperature at the seat of the fire (h_pl and rho_pl). The two equations 

    are constructed by equating the three mass flow rates. SI units are used, 

    except for heat (kJ or kW). """ 

 

    # MFR1: Plume correlation 

    g = 9.81 

    T_0 = density(rho_0) 

    cp = heat_capacity(T_0) 

    w_star = (g * Q / (b_f * rho_0 * cp * T_0)) ** (1 / 3) 

    V_star = max(u_0 / w_star, 0.19)  

    Qc = Xc * Q 

    m1 = 0.3735 * Qc ** (1 / 3) * (h_pl-h_f) ** (5 / 3) * V_star 

    dm1dh = 0.6225 * Qc ** (1 / 3) * (h_pl-h_f) ** (2 / 3) * V_star 

    dm1dr = 0 

     

    # MFR2: Convective heat 

    Qc = Q * Xc 

    T_0 = density(rho_0) 

    T_pl = density(rho_pl) 

    m2 = Qc / (cp * (T_pl-T_0)) 

    dm2dh = 0 
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    dm2dr = (Qc / (cp * (T_pl-T_0)**2))*(T_pl/rho_pl) 

     

    # MFR3: Velocity through section 

    k = 0.613 

    u = k * (g*H*(rho_0-rho_pl)/(rho_0))**0.5 

    dudh = 0 

    dudr = -0.5*k*(g*H/((rho_0-rho_pl)*(rho_0)))**0.5 

    m3 = 2*rho_pl*(H-h_pl)*W*u 

    dm3dh = - 2 * rho_pl * W * u + 2 * rho_pl * (H - h_pl) * W * dudh 

    dm3dr = 2 * (H - h_pl) * W * u + 2 * rho_pl * (H - h_pl) * W * dudr 

         

    # Residuals and Jacobian 

    F = np.array([m1-m2, m1-m3]) 

    J = np.array([[dm1dh-dm2dh, dm1dr-dm2dr], [dm1dh-dm3dh, dm1dr-dm3dr]]) 

    detJ = J[0, 0] * J[1, 1] - J[0, 1] * J[1, 0] 

    invJ = (1 / detJ) * np.array([[J[1, 1], -J[0][1]], [-J[1][0], J[0][0]]]) 

    return F, invJ 

 

 

def plume(H, W, h_f, T_0, Q, Xc, b_f, u_0): 

    """ Returns the mass flow rate and the temperature of the plume (= of the  

    smoke layer at the seat of the fire). This MFR and temperature are 

    calculated from the two equations that are obtained by equating the three 

    mass flow rates, using a Newton Ralphson technique for multiple variables. 

    SI units are used, except for heat (kJ or kW). """ 

 

    #1) Initial guess 

    rho_0 = density(T_0) 

    x_old = np.array([h_f + 0.70 * (H - h_f), density(450)]) 

    x_min = np.array([h_f + 0.005 * (H - h_f), density(10000)]) 

    x_max = np.array([h_f + 0.995 * (H - h_f), rho_0*0.995]) 

     

    #2) Loop set-up 

    x_tol, x_diff = 1E-4, np.inf 

    it, it_max = 0, 1E2 

     

    #3) Loop 

    while x_diff > x_tol and it < it_max: 

 

        # Newton Raphson iteration 

        h_pl, rho_pl = x_old 

        F, invJ = mass_balances_plume(H, W, h_f, h_pl, rho_0, rho_pl, 

                                      Q, Xc, b_f, u_0) 

        x_new = x_old - invJ @ F 

 

        # Adjust outcome of iteration 

        x_adj = np.maximum(x_min, np.minimum(x_new,x_max)) 

        if np.array_equal(x_new, x_adj): 

            x_diff = max(abs((x_old - x_new) / x_new)) 

        else: 

            x_diff = np.inf 

        x_new = x_adj 
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        # Prepare for next iteration 

        x_old = x_new 

        it += 1 

        if it == it_max: 

            print('Max iteration reached, no convergence! <Plume>') 

            return np.nan, np.nan, np.nan, np.nan, np.nan 

 

    #4) Plume temperature and mass flow rate 

    h_pl, rho_pl = x_new 

    u_pl = smoke_velocity(H, rho_0, rho_pl) 

    m_pl = 2 * rho_pl * W * (H - h_pl) * u_pl 

    T_pl = density(rho_pl) 

    return h_pl, rho_pl, T_pl, u_pl, m_pl 

     

 

def confinement_velocity(H, h, rho, rho_0, u): 

    """ Returns the confinement velocity according to the equation by Kunsch 

    (2002). SI units are used. """ 

     

    g = 9.81 

    phi = 1 - h/H 

    C1 = (1-2*phi)/(1+2*phi) 

    C2 = (1-rho/rho_0)*g*(H-h)*4*(1-phi) 

    C3 = (rho/rho_0)*u**2*(1-4*phi) 

    return (C1*(C2+C3))**0.5 

     

 

def critical_velocity(H, W, h_f, T_0, Q, Xc, b_f): 

    """ Returns the critical velocity by equating the ventilation velocity to 

    the confinement velocity (assuming the back-layering front is at the seat 

    of the fire), except for heat (kJ or kW). """ 

     

    # First guess 

    g = 9.81 

    rho_0 = density(T_0) 

    cp = heat_capacity(T_0) 

    Q_star = Q / (rho_0 * cp * T_0 * g ** 0.5 * H ** 2.5) 

    u_cr = 0.81 * min(Q_star, 0.15) ** (1 / 3) * np.sqrt(g * H) 

     

    # Loop set-up 

    tol, step = 1E-4, np.inf 

    it, it_max = 0, 1E2 

     

    # Loop 

    while abs(step) > tol and it < it_max: 

        u_0 = u_cr 

        h_pl, rho_pl, _, u_pl, m_pl = plume(H, W, h_f, T_0, Q, Xc, b_f, u_0) 

        u_cr = confinement_velocity(H, h_pl, rho_pl, rho_0, u_pl) 

 

        step = u_cr - u_0 

        it += 1 

        if it == it_max: 

            print('Max iteration reached, no convergence! <Critical velocity>') 
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            return np.nan, np.nan, np.nan, np.nan 

     

    delta_T = density(rho_pl)-T_0 

    return u_cr, delta_T, h_pl, m_pl 

 

 

############################################################################### 

""" UPSTREAM FLOW """ 

############################################################################### 

 

 

def convection_coefficient(A,P,u,T_h,T_w): 

    """ Returns the convective heat coefficient, employing the correlation by 

    Gnielinski (1976). SI units are used, except for heat (kJ or kW) """ 

     

    T = 0.5*T_w + 0.5*T_h 

    D, λ_l, Pr = 4*A/P, 0.02, 0.7 

    v, k = viscosity(T), conductivity(T) 

    Re = u*D/v 

    Nu = 0.125*λ_l*(Re-1000*Pr)/(1+12.7*(λ_l/8)**(1/2)*(Pr**(2/3)-1)) 

    return 0.001*(k*Nu)/D 

 

 

def heat_loss(H, W, dx, h, u_0, u_h, T_h, T_w): 

    """ Returns the convective and radiative heat loss of the smoke layer 

    towards the walls along a segment of length dx. SI units are used, except 

    for heat (kJ or kW). """ 

 

    # Convection     

    d = H-h 

    if h==0: 

        A_smoke = H*W 

        P_smoke = 2*H+2*W 

    else: 

        A_smoke = W*d 

        P_smoke = W+2*d 

 

    h_conv = convection_coefficient(A_smoke,P_smoke,u_h,T_h, T_w) 

    Q_conv = P_smoke*dx*h_conv*(T_h-T_w) 

     

    # Radiation 

    P_rad = 2*W+2*d 

    epsilon = 0.9 

    sigma = 5.67037E-8 

    Q_rad = P_rad*dx*epsilon*sigma*(T_h**4-T_w**4)/1000 

     

    # Total heat loss 

    return Q_conv+Q_rad 

 

 

def next_temperature(H, W, dx, h_out, T_out, T_in, T_w, u_0, u_out, m_up): 

    """ Returns the temperature T_P0 as a result of the heat (and mass) balance 

    of the hot smoke layer upstream in steady state conditions. An upwind 
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    scheme is employed (T_out = T_P0, T_in = T_E1 or T_W1). SI units are used, 

    except for heat rates (kW). """ 

     

    Q_in = m_up*heat_capacity(T_in)*T_in 

    Q_det, Q_ext = 0, 0 

    Q_loss = heat_loss(H, W, dx, h_out, -u_0, u_out, T_out, T_w) 

    Q_out = Q_in - Q_det - Q_ext - Q_loss 

    T_out = Q_out / (m_up*heat_capacity(T_out)) 

    return T_out, Q_loss 

 

 

def upstream_properties(H, W, dx, T_E0, T_w, T_0, u_0, m_up, indx): 

    """ Returns the flow properties of the next cell upstream as a result of 

    the heat (and mass) balance of the hot smoke layer upstream in steady state 

    conditions. An upwind scheme is employed (T_W0 = T_P0, T_E0 = T_E1). SI 

    units are used, except for heat rates (kW). """ 

 

    # First guess 

    rho_0 = density(T_0) 

    T_P0 = T_E0 

     

    # Loop set-up 

    tol = 1E-3 

    step = tol+1 

    it = 0 

    it_max = 1E2 

     

    # Loop 

    while abs(step) > tol and it < it_max: 

        rho_P0 = density(T_P0) 

        u_P0 = smoke_velocity(H, rho_0, rho_P0) 

        h_P0 = H - m_up/(rho_P0*W*u_P0) 

        T_P0_new, Q_loss = next_temperature(H, W, dx, h_P0, T_P0, T_E0, T_w, 

                                    u_0, u_P0, m_up) 

        step = T_P0_new - T_P0 

        T_P0 = T_P0_new 

        it += 1 

        if it == it_max: 

            print('Max iteration reached, no convergence! <Upstream Prop.>') 

            return [np.nan, np.nan, np.nan, np.nan, np.nan, np.nan, np.nan] 

     

    x_P0 = indx*dx 

    u_conf = confinement_velocity(H, h_P0, rho_P0, rho_0, u_P0)     

    return [x_P0, h_P0, rho_P0, T_P0, u_P0, Q_loss, u_conf] 

 

 

def upstream_flow(W, H, T_0, T_pl, u_0, m_up, L_up): 

    """ Returns the upstream flow properties: back-layering length, profile of 

    the height, density, temperature, and velocity.  SI units are used, except 

    for heat rates (kW).""" 

          

    #1) Boundary conditions 

    T_w, rho_0, rho_pl = T_0, density(T_0), density(T_pl) 
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    u_pl = smoke_velocity(H, rho_0, rho_pl) 

    h_pl = H - m_up/(rho_pl*W*u_pl) 

    Flow_up = [['x','h','rho','T','u','Q_loss','u_conf'], 

               [0, h_pl, rho_pl, T_pl, u_pl, 0, 0]] 

 

    #2) Check if back-layering occurs 

    u_conf = confinement_velocity(H, h_pl, rho_pl, rho_0, u_pl) 

    if u_0 > u_conf: 

        return 0, Flow_up 

 

    #3) Loop set-up 

    dx = 0.1 

    indx = 0 

     

    #4) loop 

    while indx*dx > -L_up: 

        indx -= 1 

        T_E0 = Flow_up[-1][3] 

        Flow_up.append(upstream_properties(H, W, dx, T_E0, T_w, T_0, 

                                           u_0, m_up, indx)) 

         

        u_conf = Flow_up[-1][-1] 

        if u_0 > u_conf: 

            break 

             

    #5) Back-layering length 

    L_b = -indx*dx 

    return L_b, Flow_up 

 

 

############################################################################### 

""" DOWNSTREAM FLOW """ 

############################################################################### 

 

 

def downstream_properties(H, W, dx, T_W0, T_w, T_0, u_0, m_down, indx): 

    """ Returns the flow properties of the next cell upstream as a result of 

    the heat (and mass) balance of the hot smoke layer downstream flow in 

    steady-state conditions. An upwind scheme is employed (T_E0 = T_P0, T_W0 = 

    T_W1). SI units are used, except for heat rates (kW). """ 

 

    # First guess 

    T_P0 = T_W0 

    rho_0, rho_P0 = density(T_0), density(T_P0) 

    u_P0 = smoke_velocity(H, rho_0, rho_P0) 

    h_P0 = H - m_down/(rho_P0*W*u_P0) 

     

    # Loop set-up 

    tol = 1E-3 

    step = tol+1 

    it = 0 

    it_max = 1E2 
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    # Loop 

    while abs(step) > tol and it < it_max: 

        rho_P0 = density(T_P0) 

        u_min = u_0*(rho_0*H)/(rho_0*h_P0+rho_P0*(H-h_P0)) 

        u_P0 = max(smoke_velocity(H, rho_0, rho_P0), u_min) 

        h_P0 = H - m_down/(rho_P0*W*u_P0) 

        T_P0_new, Q_loss = next_temperature(H, W, dx, h_P0, T_P0, T_W0, T_w, 

                                            u_0, u_P0, m_down) 

        step = T_P0_new - T_P0 

        T_P0 = T_P0_new 

        it += 1 

        if it == it_max: 

            print('Max iteration reached, no convergence! <Downstream Prop.>') 

            return np.nan, np.nan, np.nan, np.nan, np.nan, np.nan 

 

    x_P0 = indx*dx 

    return [x_P0, h_P0, rho_P0, T_P0, u_P0, Q_loss] 

 

 

def downstream_flow(W, H, T_0, T_pl, u_0, m_down, L_down): 

    """ Returns the downstream flow properties: profile of the height, density, 

    temperature and velocity. SI units are used, except for heat rates (kW).""" 

         

    #1) Boundary conditions 

    T_w, rho_0, rho_pl = T_0, density(T_0), density(T_pl) 

    u_pl = smoke_velocity(H, rho_0, rho_pl) 

    h_pl = H - m_down/(rho_pl*W*u_pl) 

    Flow_down = [['x','h','rho','T', 'u', 'Q_loss'], 

                 [0, h_pl, rho_pl, T_pl, u_pl, 0]] 

     

    #2) Loop set-up 

    dx = 0.1 

    indx = 0 

     

    #3) loop 

    while indx*dx < L_down: 

        indx += 1 

        T_W0 = Flow_down[-1][3] 

        Flow_down.append(downstream_properties(H, W, dx, T_W0, T_w, T_0, 

                                               u_0, m_down, indx)) 

 

    return Flow_down 

 

 

############################################################################### 

""" RESULTS AND CURVES """ 

############################################################################### 

 

def critical_velocities_curve(): 

    """ Returns the critical velocities of EX1 for different heat release 

    rates. SI units are used, except for heat (kJ or kW). """ 

    T_0 = 273.15+15 

    Xc, h_f = 0.75, 1 
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    H, W = 6, 12 

     

    hist = [['Q', 'u_cr', 'delta_T', 'h_pl','m_pl']] 

    for Q in np.arange(1, 81, 1): 

        Q *= 1000 

        b_f = (Q/1/np.pi)**0.5 

        u_cr,delta_T,h_pl,m_pl = critical_velocity(H, W, h_f, T_0, Q, Xc, b_f) 

        print('Q: ', "{:4.0f}".format(Q/1000), 'MW -> Crit. velocity: ', 

              "{:4.1f}".format(u_cr), 'm/s, with Tmax-T0 equal to: ', 

              "{:4.0f}".format(delta_T), 'K.') 

        hist.append([Q, u_cr, delta_T, h_pl, m_pl]) 

            

    with open('Critical_velocity.csv', 'w', newline='') as csvfile: 

        writer = csv.writer(csvfile) 

        writer.writerows(hist)     

    return 

 

 

def back_layering_length_curve(): 

    """ Returns the back-layering length of EX1 for different ventilation 

    velocities. SI units are used, except for heat (kJ or kW). """ 

    T_0, T_w = 273.15+15, 273.15+15 

    H, W = 6, 12 

    Q, Xc, h_f, b_f = 5000, 0.75, 1, (5/np.pi)**0.5 

 

    hist = [['u_0', 'm_pl', 'm_up', 'T_pl', 'T_fr', 'u_fr','h_fr', 'L_b']] 

    for u_0 in np.arange(0.05, 4, 0.05): 

        h_pl, rho_pl, T_pl, u_pl, m_pl = plume(H, W, h_f, T_0, Q, Xc, b_f, u_0) 

        m_up = 0.5 * 0.3735 * (Q*Xc) ** (1 / 3) * (h_pl-h_f) ** (5 / 3) * 0.19 

        L_b, Flow_up = upstream_flow(W, H, T_w, T_pl, u_0, m_up, 5000) 

        [_, h_fr, rho_fr, T_fr, u_fr, _, _] = Flow_up[-1] 

        print('u_0: ', "{:4.2f}".format(u_0), 'm/s -> Back layer length: ', 

              "{:4.1f}".format(L_b), 'm.') 

        hist.append([u_0, m_pl, m_up, T_pl, T_fr, u_fr, h_fr, L_b]) 

        if L_b == 0: break 

         

    with open('Back_layer.csv', 'w', newline='') as csvfile: 

        writer = csv.writer(csvfile) 

        writer.writerows(hist) 

    return 

 

 

def flow_property_profiles(): 

    """ Returns the flow property profiles of EX1. SI units are used, except 

    for heat (kJ or kW). """ 

    T_0, T_w, rho_0 = 273.15+15, 273.15+15, density(273.15+15) 

    H, W = 6, 12 

    Q, Xc, h_f, b_f = 5000, 0.75, 1, (5/np.pi)**0.5 

    u_0 = 1.5 

    L_up = 5000 # maximum distance for the back-layering flow [m] 

    L_down = 400 # distance for which the downstream profile is calculated [m] 

     

    h_pl, rho_pl, T_pl, u_pl, m_pl = plume(H, W, h_f, T_0, Q, Xc, b_f, u_0) 
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    u_conf = confinement_velocity(H, h_pl, rho_pl, rho_0, u_pl) 

    m_up = 0.5 * 0.3735 * (Q*Xc) ** (1 / 3) * (h_pl-h_f) ** (5 / 3) * 0.19 

    m_down = m_pl if u_0 > u_conf else m_pl - m_up 

    L_b, Flow_up = upstream_flow(W, H, T_w, T_pl, u_0, m_up, L_up) 

    Flow_down = downstream_flow(W, H, T_0, T_pl, u_0, m_down, L_down) 

     

    with open('Flow_upstream.csv', 'w', newline='') as csvfile: 

        writer = csv.writer(csvfile) 

        writer.writerows(Flow_up) 

 

    with open('Flow_downstream.csv', 'w', newline='') as csvfile: 

        writer = csv.writer(csvfile) 

        writer.writerows(Flow_down) 

    return 
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