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FIRE HAZARD CALCULATIONS IN TUNNELS USING CFD 

ABSTRACT 

This paper reports on the use of hazard models for fires in tunnels and other enclosed spaces. These 
hazard models provide important inputs to Computational Fluid Dynamics (CFD) codes, and also 
facilitate the interpretation of the computed results. The hazard models considered here include mod
els for the chemical composition of the fire load, the fire growth rate, the reduction of visibility due to 
smoke and the toxicity of combustion gases. These models are therefore important [Ools for the appli
cation of CFD in the assessment of fire risks to passengers in enclosed spaces. 

1 INTRODUCTION 

The use of CFD as a tool to predict airflows in tunnel systems is rapidly gaining world-wide accep
tance by health and safety executives, railway authorities, civil engineering contractors and engineer
ing consultams. When cm is rationally applied by experts for the design of an emergency ventilation 
system, substantial civil and mechanicaVelectrical cost savings can be made, while simultaneously 
offering a high degree of safety to underground passengers . . This is due to the deeper insights that 
CFD offers us with respect to smoke movement and the effect of imposed ventilation. 

In order to enjoy the full benefits tbat CFD has to offer, it is imperative that it is deeply imbedded in a 
project's design phase, and not just employed as an after-thought. Fig. 1 (after Barry, 1995) outlines a 
rational strategy of risk assessment and amelioration. Of the seven distinct risk assessment steps pro
posed in Fig. I, CFD offers benefits in the 'consequence assessment' step, by allowing us to estimate 
the rate of development of the hazardous environmem, and the subsequent vulnerability of passengers. 

A key to the effective use of CFD witbin a tunnel environment is the careful validation of the CFD 
models with respect to full-scale fire tests (e.g. Eureka 1995 , Memorial Tunnel 1995) and simple 
correlations (e.g. for the critical velocity to overcome backlayering). The required grid parameters and 
model constants dev~.~oped in the validation phase can then be used for the calculations of a similar 
tunnel system of interest. 

Another important consideration for the effective use of CFD in risk assessment is the provision of 
reliable inputs to model the hazards (e.g. fire growth rate), and the interpretation of the results in 
teons of possible risks to passengers. The inputs to a CFD analysis determine its quality, given a well
validated prograrrune and an adequate mesh density . The subsequent interpretation of the results is 
central to the usefulness of the results. These fundamental issues are the prime concern of this paper . • 
Fig, 2 gives an overview of the prime inputs and outputs of a CFD-supported hazard analysis of a 
given fire scenario. The shaded inputs and outputs are considered in this paper. Some of the available 
models in the literature are presented and compared, and their impact on the safe design of tunnels is 
discussed. 
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2 NOMENCLATURE 

Symbol 

Ci 
D 
Do 

E.-
fi 

F 
FED 
Q 
k; 
K 
LCt50 

rn, 
Mi 
n,m,o 

ni 

V 
Xi 
y . 

Greek 

" 
~ 
Z, 
cr 
Mi, 

Subscripts 

f 
a • 

mix 

Meaning 

Mass concentration of product 'j' 

Optical density 

Smoke potential 

Total combustible energy content of fuel 

Normalised yield of combustion product 'j' 

= nCofnC02. describing combustion completeness 

Fractional Effective Dose 

Total heat release rate 

maximum yield of product 'j' 

Specific absorption area 

Toxic potency 

Rate of fuel mass loss 

Molecular weight of product 'j' 

Number of carbon, hydrogen and oxygen atoms 

Number of atoms of product 'i' 
Time 
Volumetric flowrate of air 

Volumetric concentration of product 'i' 
Soot load (fraction of solid particles to fuel mass loss) 

Quadratic heat release rate coefficient 

Exponential heat release rate coefficient 

Combustion efficiency 

Extinction coefficient 

Specific heat of combustion 

Fuel 

Combustion gases 

Combustion product 

Mix.ed conditions 

Units 

% 

ob.m3lkg 
) 

w 
gig 
o 

m-Ikg 

g.minJm3 

kgls 

glmole 

mO' 

J/kg 
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Fig.l : Fire and Explosion Risk Assessment Steps (after Barry.199S) 
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Fig. 2 : Major Inputs and Outputs from a CFD-supported Hazard Analysis Study 
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3 FIRE MODEL 

3.1 Fire Modelling with CFD 
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Fig. 3 : Main Processes in the Ignition and Development of a Fire 

Fig. 3 summarises the main processes in the ignition and development of a fire . In particular, the im~ 
portance of the simultaneous presence of combustibles, an energy source and an air supply for any fire 
are underlined. 

CFD analyses of fires in runnels can be conveniently divided into those employing an exothermic 
combustion model. and those which directly specify the heat release rate . 

CFD analyses which inc1ude a exothermic combustion model attempt to model the combustion reac
tion kinetics, such; (Steinert, 1994) 

(
2n+m/2-0 n+m /2-o ) m 

(I + F)C,H.O, + + F 0, ..... nCO, +nF.CO+-(I+F)H,O 
2 2 2 

Equation ( I) 
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Calculations undertaken using such combustion models can be thought of as following steps 1 to 4 in 
Fig. 3 above (e.g. Kumar and Cox, 1985, Tuovinen and Holmstedt. 1994). The heat release rate in 
such models is related to the specific heat of combustion and the mass flow of the pyrolysed gases, 
such : 

Equation (2) 

where the combustion efficiency. Xc, is conservatively estimated to be unity. 

The majority of CFD analyses of tunnel fires do not model any reaction kinetics, but directly specify a 
heat release rate at the fire source instead (e.g. Elias et ai, 1996). Thus, only step 4 is modelled with 
this approach. In addition to a heat source, mass sources are introduced to account for. variously, the 
pyrolysis rate or to obtain a pre-specified flame temperature. Inspite of its apparent simplicity. this 
approach does have its drawbacks. In particular, it is difficult to combine the requirements for 

• A heat release rate that includes both convective and radiative components; 
• A well-defined flame temperature (required for assessing radiation hazards. for example); 
• Overall mass balance in the system (any mass source introduced has to be balanced by a mass sink, 

without destroying any smoke layering that may be present); 
• Accurate radiative view factors , since fires are typically defined along a surface rather than over a 

volume in this approach. 

None of the current CFD models are sufficiently well developed enough to account for the rate of 
progress of a fire due to self-ignition (back radiation and convective heating), although great progress 
in this area has been made in recent years (e.g. Murty Kanury, 1995). 

3.2 The Definition and Use of Reference Fires 

In view of the difficulty in predicting self-ignition and growth in fires, it is important to use the results 
of full-scale fire tests in calibrating the heat release rates for the fire load under study (e.g. a passenger 
train). The Eureka fire tests (1995) are particularly useful for calibrating a model or reference fire, 
defined by simple relationships (Ingason, 1995) : 

Fire growth phase: 

Q(t) = at' Equation (3) 

Fully developed fire: 

Equation (4) 

Fire decay: 

Q(t) = Q~ exp(-p(t - t,ll Equation (5) 

In addition, we can write the condition relating the integral heat release rate to the total combustible 
energy content of the combustible material, E ta! : . 

Equation (6) 



Fig. 4 shows the measured and reference heat release rates for a fire in an le train carriage. 
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Fig. 4 : Measured and Reference Fires for an le Carriage 

Having defined a reference fire for one railway carriage, we may now extrapolate the results for a 
whole train, assuming linear superposition of the individual reference fires, To do this, we require 
suitable assumptions for 

• The time required for fire spread between carriages. This is likely to be influenced by fac[Qrs such 
as the length of flames issuing from a burning carriage, which in turn is influenced by the airflow 
over the burning carriage (Liew and Deaves, 1998). 

• The amount of air available for the fire . If insufficient air is available to feed [he fire, retardation 
of the fire growth rate is likely to occur. As a rule of thumb, 13.4 kJ of heat are released per 
gramme of oxygen consumed under such ventilation-controlled conditions. 

Fig. 5 shows an example of a reference fire for a passenger train comprising ten le carriages. This 
example comprises an attempt to rationally extrapolate measured fires from a single carriage to a 
whole train, and is certainly not without its uncertainties However, only the initial portion of such a 
reference fire is likely to be relevant to a CFD-supported hazard study, comprising the time elapsed 
from fire break-out to the incident train stopping, and the subsequent evacuation of passengers . 

• 
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Fig. 5 : Reference Fi['e for a Ten-Carriage le Train 

4 HAZARD MODELS 

4.1 Chemical Composition of Fire Load 

The hazard posed by a particular hydrocarbon-based fire load is partially detennined by its chemica1 
composition, particularly before flash-over has occurred. The latter can be defined as the explosive
like changeover from a surface to a volumetric fire . In general, the chemical composition of an arbi
trary hydrocarbon is described by the number of carbon, hydrogen and oxygen atoms in a single 
molecule, C.HmOo . 

The determination of the mean chemical composition of the contents of a train is not simple. espe
cially since the rate of fire progress will be different for the different components, e.g. seats, luggage 
and paint. The problem can however be simplified for analysing fire tests such as those done by the 

~ Eurelca project. by calculating the mass-weighted atomic weights for the entire coments of the tested 
;~ vehicles . Using this technique. we arrive at formulae of C2.)H...!OI.l and CU H...SOI.7 for the Eureka le 

and ICE carriages respectively . 
, 

It is interesting to observe that the reduction in the total heat load from the older IC carriages to the 
newer ICE carriages (independently estimated to be 81.067 and 62,480 MJ respectively) is partly ne
gated by the higher carbon content of the fire-resistant materials. which implies higher toxicity (see 

.,. below) , 

1 
• 



4.2 Estimation of toxicity 

Clarke (1997) has suggested the following line of reasoning with respect to post-flashover fires; 

• The toxicity of smoke generated in post-flashover fi~es is dominated by the large amounts of car
bon monoxide present. 

• In such fires, all organic materials appear to produce roughly the same fraction of carbon monox
ide (0.2 kg CO per kg of fuel). 

• Therefore, in large fires where carbon monoxide is the dominant toxicant, there is no significant 
difference in the smoke toxicity of materials. 

To enable us to estimate the toxic hazard of a particular scenario, we may use the concept of Frac
tional Effective Dose, defined by Clarke (1997) such ; 

FED = exposure dose 
toxic potency (LCt so) 

Equation (7) 

In the above equation, the exposure dose is obtained by integrating the concentration of the toxic 
product (usually CO) at the victim's location with respect to time. The toxic potency can be estimated 
as 

• LCtso = 200 [g (burnt fuel) . minute I m3 (air)] for disability 
• LCtso = 500 [g (burnt fuel). minute I m3 (air)] for death 

In this model, disability or death is assumed to occur when the FED equals unity . 

In tenns of interpreting CFD results, a time integral of the concentration of the burnt gases is gener
ated at critical locations (e.g. escape routes), and the FED is computed at every time-step. 

For more detailed toxicity assessments of a given fire scenario, both in the pre- and post-flashover 
phases, the volumetric concentration of CO should be estimated at the victim'S location. This is given 
for the toxic product 'i' (where i= CO, CO2, etc.) by Gotruk and Roby (1995) as 

X.[%J= fik iM ,. C 
, M. ' 

• 
Equation (8) 

where the mass concentration of the combustion gases is approximately given by 

Equation (9) 

In Equation (9). k.; is the maximum theoretical yield in grams of product 'i' per gramme of fuel: 

Equation (10) 

and the mean molecular weight of the combustion products is given by 

M,. = (L.: Ci 1100)-' 
; M; 

Equation (11) 



The peak normalised yield for carbon monoxide , fco, can be set to 0.2 for vemilation-controlled 
conditions. 

Having estimated the local volumetric concentration of CO, we may then estimate the maximum al
lowable exposure time using Purser's (1995) relationship for the accumulation of carboxyhaemoglo
bin : 

'= !(CO) 

!. t LCfSO(CO) 

Purser (1995) 
elarke (1997) 

co 
[Vol. ... J 

Fig. 6 : Exposure Times to Disability for an IC Carriage 

Equation (I2) 

Fig. 6 shows a comparison of the maximum exposure times estimated by Clarke's (1997) simplified 
relationship with Purser's (1995) estimates for ventilation-controlled conditions. Although Clarke's 
effective dose concept is a useful one, it can be seen from this example that a more det.ailed knowl
edge of the chemical composition of the fire load may lead to lower tolerable exposure times. 

4.3 Estimation of Visibility Limits 

In any fire scenario, contamination of the air with airborne solid particles and unbumed hydrocarbons 
leads to a reduction of visibility, and this can significantly impact the chances of escape. 

The estirItltion of visibility is best done using ' a fonn of the Discrete Transfer Radiation Method 
(Carvalho et ai, 1991), although this model is currently used only for thermal radiation. For approx.i
mate calculations with CFD, a passive tracer gas can be introduced to simulate the spread of fine 
smoke particles « 0.1 j.1Ill) and unburned hydrocarbons. The spread of larger smoke particles can be 

estimated using Lagrange particle-tracing methods. 



The optical density, D, was defined by Steinert (Eureka, ·1995) as the attenuation of the light intensity, 
I. passing through smoke, such: 

D = log,,(IjI) 

A commonly defined parameter is the extinction coefficient, a, which is defined such; 

D 
0- = -In(lO) 

L 

Equation (13) 

Equation (14) 

Heins (Eureka, 1995) has proposed allowable limits of 1.3 and 0.3 m· L for the optical density and the 
extinction coefficient respectively. These values correspond to the case when only 5% of the emitted 
light is received by a light detector that is placed 10 m away. 

There are two empirically-based methods to estimate the visibility limits in smoky conditions: 

• The smoke potential method (Drysdale, 1985) : This proposes that the optical density is linearly 
related to the mass of pyrolysed gases present in a given volume of air, such: 

D Domf 

L V Equation (15) 

The smoke potential Do has been experimentally derived for many materials, e.g. Do=170 ob.ml/kg 
for birch plywood . 

• The absorption area method (Steinert. 1994) : This proposes the following relationship between 
the extinction coefficient, the specific absorption area K (m 2/kg) and the SOC( load Ys (kglkg) : 

Ylmf 
o-=-.-K 

V 
Equation (16) 

For unknown hydrocarbons, Steinert reconunends the use of the values K=9250 m2/kg and Y. = 
0.04. 

Fig. 7 presents a comparison of the results of two methods as a function of smoke concentration. The 
results are generally in broad agreement for lhis particular example. In general, the computed results 
for visibility extents will strongly depend on the smoke properties assumed for the particular CFD 
simulation . 

• 
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Fig. 7 : Extinction Coefficients derived from two Visibility Models 

5 CONCLUSIONS 

A CFD-supported hazard analysis can only be as good as the inputs it receives. This implies careful 
consideration of the fire model that is implemented in the calculations . In the worst case, false inputs 
will lead to an unsafe design of emergency ventilation systems and evacuation routes. Therefore, all 
those involved in the design of vehicle tunnels are well advised to think about the possible size and 
consequences of fire. 

Once the calculations are done, careful interpretation of the results should be carried out using hazard 
models such as those presented here. This allows maximum benefit to be extracted from the CFD 
results, by allowing us to realistically model the prevailing conditions during a fire scenario. The in
sight provided by such simulations can be of significant assistance in 

• designing appropriate ventilation systems for smoke management (supply/extract, longitudinal , 
transverse); 

• setting appropriate procedures in case of fire (e.g. evacuation plans, ventilation control, train op-
eration); , 

• dimensioning critical runnel geometry parameters (e .g. platform widths, escape passages). 

;. The rational application of CFD to runnel design therefore offers the potential of significant Im-
f 
~ provemertts in the safety of underground passengers. 

~ • 
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