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Abstract
With vehicles frequently found in underground mines and tyres being a major fuel item, the risk of tyre fires will be severe 
underground. This study presents an in-depth analysis of tyre fires on mining vehicles to increase the knowledge of the risk, 
applying data from full-scale fire experiments and CFD simulations. It was found that the wheelhouse of the loader caused 
an increase in the flame tilt angle of approximately 10%, decreasing the flame impingement and heat flux downstream. The 
flame temperature of the drilling rig tyre was found to be approximately 7% higher than the loader tyre, increasing the risk 
of igniting adjacent fuel items. The construction of the wheelhouse/mudguard will contribute to a longer flame length by 
creating a fuel-rich environment. The CFD simulations predicted higher flame tilt angles for the drilling rig case for higher 
flow velocities, indicating the influence of a varying wheelhouse/mudguard construction and tyre geometry on the flame 
tilt angle. The construction of the loader resulted in a flow behaviour, where the short distance to the front mudguard/tyre 
and the separation of flow directly downstream of the protruding construction led to fire gases being steered past the front 
mudguard/tyre. In the drilling rig case, the longer distance to the front mudguard/tyre led to fire gases being directed towards 
the body of the vehicle after passing the area with flow separation. An increased knowledge of the tyre fire risk on mining 
vehicles and mitigating measures would improve the fire safety in underground mines.

Keywords  Flame · Underground mine · Tyre · Mining vehicle · Venturi effect · Wheelhouse · Mudguard · Longitudinal 
ventilation

1  Introduction

Vehicle fires — with vehicles being omnipresent in under-
ground mines and constituting the dominant fire source [1, 
2] — pose a severe risk in the mining industry. With the 
large dimensions of the mining vehicles comes a consider-
able size of the vehicle tyres, which could constitute a large 
portion of the fuel load. A tyre fire could lead to extensive 
smoke production and a difficult fire suppression operation. 
A high priority in the fire safety work would thus be to pre-
vent the ignition of a tyre and mitigate the consequences 
of a tyre fire on a mining vehicle. One of the key tools dur-
ing this work would be the construction of the vehicle, the 
wheelhouse, the mudguard and the distance to adjacent fuel 
items to be more precise. An earlier study on the role of 
the passive fire protection [3] pointed out measures taken 

at the wheelhouse to reduce the risk of ignition and further 
fire spread.

This paper looks further into the flame behaviour of the 
tyre fire in a mine drift, primarily influenced by the longi-
tudinal ventilation flow and the surrounding wheelhouse or 
mudguard. Discussions on wheelhouse and mudguard design 
are presented to prevent ignition and mitigate effects of an 
occurring tyre fire. Data from full-scale fire experiments and 
CFD simulations were applied in the work.

The purpose of this paper is to investigate issues such 
as the effect of the wheelhouse or mudguard on the flame 
behaviour, the behaviour of the flames outside the wheel-
house and mudguard and designs of the vehicle to mitigate 
the effects of a fire.

Earlier works on fire behaviour in underground mines or 
tunnels with longitudinal ventilation have mainly focused 
on critical ventilation velocity and backlayering length. Few 
studies can be found on obstacles or constructions influ-
encing the flame behaviour, flame tilt, or flame lengths in 
mines or tunnels. Most fire plume and flame studies have 
been on flame behaviour of open fires in tunnels, obstacles 
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influencing the critical ventilation velocity or the interaction 
between a fire plume and an inclined surface.

Earlier studies on the flame base extent due to longitu-
dinal ventilation flow have been conducted by Welker et al. 
[4], Moorhouse [5] and Johnson [6], where experiments with 
pool fires were used to study the influence of the ventilation 
flow, size of burner and type of fuel. The influence of vehi-
cle blockage on the smoke behaviour in tunnels has been the 
focus of several studies. Oka and Atkinson [7] and Lee and 
Tsai [8] performed model-scale experiments and numerical 
simulations to study the influence of vehicle blockage on the 
critical ventilation velocity. Chaabat et al. [9] performed sev-
eral experiments in a model-scale tunnel, investigating the 
impact of solid barriers on the backlayering length and the 
critical ventilation velocity. Wu et al. [10] studied the interac-
tion between a fire plume and an inclined surface, using a gas 
burner as a fire source during the experiments. Isothermal as 
well as adiabatic surfaces with inclination angles ranging from 
0° to 40° were used in the experiments. It was found that the 
fire plume bent towards the surface, with a distinct increase 
in the attachment length along the inclined surface when 
the inclination angle reached 24°. This is in line with earlier 
experiments by Smith [11] and Wu and Drysdale [12], which 
resulted in critical inclination angles ranging from 24° to 27°. 
Kurioka et al. [13] performed fire experiments in model-scale 
and full-scale tunnels to investigate the influence of the cross-
section, heat release rate and ventilation velocity on the fol-
lowing near field parameters: flame tilt, apparent flame height, 
maximum temperature of the smoke layer and its position. Oka 
et al. [14] conducted fire experiments to analyse the effects 
of cross-wind on flame properties for unconfined fires. Oka 
and Kurioka [15] conducted fire experiments to investigate 
the effects of the fire source shape and size on the flame tilt 
angle, maximum temperature rise of the smoke layer near the 
ceiling and its position. Li and Ingason [16] developed flame 
tilt angle relationships for tunnel fires with a longitudinal ven-
tilation flow present. Data from model-scale and full-scale fire 
experiments were applied during the analysis. Rew and Deaves 
[17] presented a study on the fire spread and flame lengths of 
tunnel fires with longitudinal ventilation, resulting in a flame 
length correlation containing heat release rate and the ventila-
tion flow velocity. Ingason and Li [18] performed fire experi-
ments in a model-scale tunnel and the study resulted in a flame 
length correlation which was validated against full-scale tun-
nel fire experiments. Hansen [19] performed fire experiments 
in a model-scale mine drift involving several individual fire 
sources and developed a correlation for the continuous flame 
length of multiple fire sources. Earlier studies on fire protec-
tion measures of wheelhouses have been limited to studies by 
Johnsson and Yang [20] and Hansen [3]. Johnsson and Yang 
[20] studied the fire spread from a tyre fire into a motorcoach 
passenger compartment, focusing on possible fire spread paths 
and mitigating measures. Hansen [3] analysed the risk of tyre 

fires and suggested passive fire measures to be taken at and in 
the vicinity of the wheelhouse.

Few studies have been conducted on the fire behaviour of 
tyre fires. Wraight [21] conducted fire experiments on sam-
ples of rubber cut from a tyre to investigate the fire behaviour 
and ignitability of the tyre samples. Shipp and Guy [22] per-
formed large-scale fire experiments on stacked tyres, measur-
ing the heat release rate of vertically and horizontally stacked 
passenger vehicle tyres without steel rims. Hansen [23] and 
Ingason and Hammarström [24] conducted fire experiments 
on free standing truck tyres and loader tyres, measuring the 
heat release rates of the tyres.

A further in-depth analysis of the tyre fires on mining vehi-
cles and possible mitigating measures will increase the fire 
safety in the mining industry.

2 � Flame Behaviour in a Mine Drift

Two key characteristics of flame behaviour are the flame 
length and the flame tilt angle. The flame length is highly 
dependent on the heat release rate which in turn will depend 
on the entrainment rate, where an increased entrainment rate 
will increase the rate of reaction and thus shorten the reaction 
zone and the flame length. Any constraints on the entrainment 
— such as physical obstructions blocking or reducing the air 
flow — will lead to longer flame lengths. Flames from a fire 
may be deflected and tilted due to an occurring wind or an 
existing longitudinal ventilation flow. The extent of the flame 
tilt will largely depend on the wind/ventilation velocity and the 
heat release rate of the fire.

Flames occurring in a mine drift will be greatly affected by 
the longitudinal flow from the mechanical ventilation system. 
A longitudinal ventilation flow can be expected throughout 
the entire underground mine. The ventilation flow will tilt 
the flames in the same direction, but also provide an effec-
tive supply of oxygen to the fire site, which will increase the 
entrainment rate and shorten the flame lengths. Li and Ingason 
studied tunnel fires with longitudinal ventilation flow and 
developed the following flame tilt angle relationships (the fire 
sources were free burning fires with no barriers or blockages 
present in tunnels) [16]:
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where � is the flame tilt angle (degrees) (i.e. the angle 
between the horizontal and the line connecting the fire source 
centre and the position of maximum temperature), V ′ is the 
dimensionless ventilation velocity, Q̇∗ is the dimensionless 
heat release rate, Q̇ is the heat release rate (kW), H is the mine 
drift height (m), Hf  is the height from the fire source centre to 
the mine drift ceiling (m), D is the diameter of the fire (m), V∗ 
is the dimensionless longitudinal velocity, u is the longitudinal 
velocity (m/s), w∗ is the characteristic plume velocity, �a is 
the density of the ambient air (kg/m3), cp is the heat capacity 
(kJ/kg K) and Ta is the temperature of the ambient air (K). 
Equation (4) contains both the forced longitudinal ventilation 
velocity and the characteristic plume velocity, where the latter 
will relate to the buoyancy force of the fire plume and the heat 
release rate of the fire. Thus, Eq. (4) contains the two forces, 
which will be decisive with respect to the flame tilt angle.

Kurioka et al. [13] developed the following flame tilt 
angle based on model-scale and full-scale tunnel fire 
experiments (the fire sources were free burning fires with 
no barriers or blockages present in tunnel):

where � is the angle between the horizontal and the plume 
axis (degrees), � and � are experimental constants, Af  is the 
area of the fire source (m2), b is the mine drift width (m), 
� is a coefficient determined in each region (the fire plume 
is divided into three regions depending on the maximum 
temperature of smoke layer beneath the ceiling) and Fr is the 
dimensionless Froude number. Same as for Eq. (4), Eqs. (8) 
and (9) contain parameters relating to the forced longitudinal 
ventilation flow ( u ) and the buoyancy force ( Q̇∗).

The cross-sectional dimensions of the mine drift will 
affect the flame length; a mine drift with a larger cross-
sectional area will contain larger air masses and will result 
in shorter flame lengths compared with a mine drift with 
much smaller dimensions.
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The distance between the fire source centre and the 
mine drift ceiling will also affect the flame length; with an 
increasing distance, the flame length will decrease. Flame 
length correlations that were developed by Ingason and Li 
[18] have been found to match flame lengths from full-scale 
fire experiments in a mine:

where Lf  is the flame length (m), Q̇∗
f
 is the dimensionless 

heat release rate and A is the cross-sectional area of the mine 
drift (m2). Equations  (10) and (11) contain parameters 
describing the cross-sectional dimensions of the mine drift 
as well as the distance between the fire source centre and the 
mine drift ceiling. The equations do not include any longi-
tudinal ventilation velocity parameter as Ingason and Li [18] 
in their analysis found that the flame length was only a weak 
function of the longitudinal ventilation flow.

Rew and Deaves [17] studied the fire spread and flame 
lengths of tunnel fires with longitudinal ventilation and pre-
sented the following flame length correlation:

As opposed to the correlations by Ingason and Li [18], the 
flame length correlation by Rew and Deaves [17] does not 
contain any parameters related to the geometrical aspects of 
the mine drift or the distance between the fire source centre 
and the mine drift ceiling. Instead, Eq. (12) contains the 
longitudinal ventilation flow velocity. The flame length cor-
relations of Ingason and Li [18], and Rew and Deaves [17] 
were earlier found to come close to observed flame lengths 
from full-scale fire experiments in a mine drift [25].

3 � Tyre Fires and the Wheelhouse 
and the Mudguard

Vehicle fires generally constitute most of the fires in under-
ground mines and will be found in most parts of a mine due 
to the system of ramps and drifts accessible to the vehi-
cles. Besides the high frequency of mining vehicle fires, the 
generally high fuel load of the vehicles will further add to 
the risks and where the considerable size of the tyres will 
constitute a large part. A tyre will have a higher critical heat 
flux compared to most outer layers on electrical cables and 
hydraulic hoses and will therefore not ignite as easily. But 
if ignition occurs, the resulting fire will be distinguished by 
the considerable smoke production, a high heat release rate 
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and difficulty to suppress. A tyre fire will also be distin-
guished as a surface fire, where the flame spread will take 
place along the tyre surface and determine the heat release 
rate. The longitudinal ventilation flow will have a large 
impact on this surface fire spread, as the ventilation flow 
may either enhance or diminish the flame spread depending 
on the direction of the ventilation flow in relation to the tyre 
surface orientation. The threads along the tyre surface will 
to a certain degree affect the fire behaviour of the tyre. The 
voids of the thread may contain a fuel-rich environment, 
which will increase the maximum heat release rate if the 
ventilation flow velocity is increased.

A mining vehicle in a mine drift is assumed to be most 
likely positioned parallel or nearly parallel with the longi-
tudinal ventilation flow direction. This assumption applies 
throughout the entire study.

The wheelhouse and the mudguard will have several dif-
ferent impacts on the tyre fire behaviour. The wheelhouse 
and the mudguard may block the ventilation flow, reduce 
the entrainment rate and affect the flame tilt and the flame 
length. The wheelhouse, the mudguard and the body of the 
vehicle may direct the ventilation flow in the near vicin-
ity in a certain direction, which may cause a change in the 
flame spread. The flame spread may decrease due to the 
reduction in the entrainment rate, but the wheelhouse or the 
mudguard construction may also enhance the thermal feed-
back — i.e. the radiative and convective heat transfer from 
the flames and fire gases — back to the fuel surface and 
increase the flame spread and heat release rate. Intuitively, 
the wheelhouse and the mudguard construction should cause 
an increase in the flame spread at the early phases of the 
fire as the environment enclosed by the wheelhouse, or the 
mudguard will be fuel controlled at the early phases.

The positioning of a mining vehicle in a mine drift will 
cause a Venturi effect; i.e. the mining vehicle will act as 
a barrier to the ventilation flow and cause an acceleration 
of the ventilation flow due to the reduction in the cross-
sectional area (principle of mass continuity). The Venturi 
effect may therefore increase the entrainment rate and the 
heat release rate of the fire, which in turn will affect the 
flame tilt angle and flame length.

The Venturi effect will also cause a reduction in the 
static pressure along the side of the vehicle (conservation of 
mechanical energy). This pressure reduction will cause an 
ejection of the emitted fire gases from the burning tyre, and 
increase the mixing of the flowing air and the emitted fire 
gases, further increasing the entrainment rate.

The flowing air underneath the vehicle will encounter 
the burning tyre and be drawn into the wheelhouse or the 
mudguard, causing a chimney effect due to the thermal dif-
ference between the air flowing into the wheelhouse or the 
mudguard and the emitted fire gases at the upper part of the 
wheelhouse or the mudguard. The occurring chimney effect 

will further increase the entrainment rate, increase the flow 
and flame spread up along the tyre surface and increase the 
heat release rate.

Given the high heat release rate and extensive smoke 
production of tyre fires, fire protection measures should be 
aimed at preventing the ignition of the tyre as well as reduc-
ing the risk of the fire spreading to an adjacent fuel item 
from the tyre. Given the high critical heat flux of a tyre, the 
chance of preventing a tyre ignition is considered favour-
able [3].

4 � Full‑Scale Fire Experiments and CFD 
Simulations

4.1 � Full‑Scale Fire Experiments

Two full-scale fire experiments on a loader (a Toro 501 
DL) and a drilling rig (an Atlas Copco Rocket Boomer 322) 
took place in an underground mine. One of the experimental 
objectives was to collect data on the fire behaviour of min-
ing vehicles and several parameters were either measured or 
later calculated. Measured parameters were for example the 
mass flow rate in the mine drift, gas concentrations down-
stream of the fire, temperatures occurring both at the burn-
ing vehicle items and further downstream of the burning 
vehicles. The experimental setup can be seen in Fig. 1. At 
the measuring station downstream of the mining vehicles, 
numerous sensors were positioned at different heights to 
foremost provide data for the heat release rate calculations. 
A total of six thermocouples, four velocity probes and one 
gas analysis (O2, CO and CO2) were found at the measuring 
station. The initial fires were pool fires and consisted of cir-
cular trays filled with diesel which were placed underneath 
the fuel tank and close to one of the tyres. After ignition the 
burning diesel would rapidly ignite the adjacent tyre and 
ensure a continuous fire spread to other fuel components. 
Further detailed descriptions of the conducted experiments 
can be found in a report by Hansen and Ingason [26].

The wheelhouse and mudguard of the wheel loader and 
the mudguard of the drilling rig can be seen in Figs. 2 and 
3 respectively. In the case of the wheel loader, the rear tyres 
were positioned in wheelhouses and the front tyres were 
equipped with mudguards. All four tyres of the drilling rig 
were fitted with a mudguard of similar construction. The 
horizontal distance from the centre of the wheel rim of the 
drilling rig to the mudguard cover was 0.635 m. The corre-
sponding distance in the loader case was approximately 1 m.

The characteristics of the wheelhouses and mudguards 
varied considerably. The rear wheelhouses of the loader 
were built into the vehicle construction, decreasing the 
exposure to the ventilation flow. The wheelhouses were 
enclosed by large masses of metal constructions and only 
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marginally exposed to the ventilation flow underneath the 
vehicle (0.355 m between the ground and the underside 
of the vehicle). The front mudguards of the loader were 
set apart from the main body and only partially covering 
the tyres as seen in Fig. 2. The mudguard of the drilling 
rig was set apart from the main body of the vehicle, with 
increased exposure to the ventilation flow. The mudguard 
consisted of a thinner steel construction with openings 

towards main body of the vehicle. The distance between 
the lower level of the mudguard and the ground was equiv-
alent to the loader case.

In the case of the drilling rig experiment, all four tyres 
were ignited and took part in the fire, whereas, in the case 
of the wheel loader, only the rear tyres took part in the fire 
and the front tyres never ignited.

Fig. 1   The experimental setup 
at the test site (not to scale) [26]
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The wheel loader had the following tyre dimensions: 
26,5 × 25 L5S, which signifies a tyre with a section width 
of 26.5 inches, a rim diameter of 25 inches and with 
smooth extra deep tread. The drilling rig had the follow-
ing tyre dimensions: 13,00 × 20 PR 18, which signifies a 
tyre with a section width of 13 inches and a rim diameter 
of 20 inches.

A mobile fan (a Tempest fan model MGV L125) posi-
tioned upstream of the fires, provided the longitudinal 
ventilation flow during the experiments. The fan had a 
capacity of 217,000 m3/h (~ 60.3 m3/s). The direction of 
the ventilation flow vs the setup of the mining vehicle 
was identical in the two experiments; i.e. the ventilation 
flow was parallel to the vehicle and facing the rear of 
the vehicles. During the wheel loader experiment, the 
average ventilation velocity — measured downstream of 
the fire position — at the time of ignition was meas-
ured at 0.3 m/s. The average ventilation velocity between 
ignition and the time of maximum heat release rate was 

in the interval 0.3–2.2 m/s. The changes in the ventila-
tion velocity if comparing with the velocity at ignition 
were caused by the fire effecting the flow field. Dur-
ing the drilling rig experiment, the average ventilation 
velocity at the time of ignition was measured at 1.3 m/s. 
Between ignition and the time of maximum heat release 
rate, the average ventilation velocity was in the interval 
1.1–2.6 m/s.

The wheel loader was equipped with several different 
measuring points during the experiment. Each tyre was fit-
ted with a thermocouple, positioned on the wheel rim (see 
the rear right tyre in Fig. 2). A plate thermometer (provid-
ing data for calculating the heat flux) was positioned at 
each tyre. Each plate thermometer was positioned in line 
with the rear edge of the tyre, facing the vehicle in the case 
of the rear tyres and facing the rear of the vehicle in the 
case of the front tyres.

The drilling rig was fitted with thermocouples on each 
tyre. The thermocouples were positioned on the upper part 
of the mudguard, facing the tyre and outwards (see Fig. 4). 
The inner part of the rear wheel/tyre sections was also 
equipped with a thermocouple (see Fig. 4). Same as for 
the wheel loader, plate thermometers were positioned at 
each tyre. The difference in the thermocouple positioning 
between the two vehicles was due to practical reasons as 
it was found to be difficult to attach the thermocouples 
and ensuring they remain in position at the wheelhouse/
mudguard of the loader.

A video camera was positioned upstream of the fire in 
each experiment, facing the right and rear section of the 
vehicles. Video recordings from the experiments provided 
valuable information on occurring phenomena, changing 
conditions etc.

Fig. 2   The wheelhouse of the rear right tyre (seen on the left) and the mudguard of the front left tyre (seen on the right) of the loader

Fig. 3   The left rear tyre and mudguard of the drilling rig
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4.2 � CFD Simulations

The CFD simulations were performed primarily to obtain 
data for a qualitative analysis, studying the overall flow situ-
ations with respect to the temperature and velocity. CFD 
simulations are a commonly used tool when modelling fire 
scenarios, predicting heat transfer, ventilation flow etc. CFD 
simulations are foremost suited for near field simulations 
— i.e. the area close to the fire — as the simulations will 
otherwise become very time consuming and computationally 
very demanding.

A CFD model is used to solve equations governing the 
fluid flow, where the conservation of mass, conservation of 
momentum and conservation of energy are the fundamental 
equations.

A challenge when using CFD models to predict fire phe-
nomena is the turbulence, which generally occurs during 
fires. The complexity of turbulence will require an impos-
sible resolution to solve the quantities of interest, instead 
numerical turbulence models are used to approximate quan-
tities. A commonly used turbulence model is the large eddy 
simulation (LES), where the smaller eddies are approxi-
mated by numerical models. Direct numerical simulation 
(DNS) resolves the entire range of length scales and is there-
fore much more computationally demanding.

4.2.1 � FDS Parameters

The Fire Dynamics Simulator (FDS) was selected as the 
modelling software due to the program’s suitability for the 
low-speed thermally driven flow of a fire and the extensive 
use for fire applications for several years. The specific ver-
sion used during the simulations was version 6.7.5 [27].

One of the most central questions when performing 
fire modelling with a CFD model is the grid size of the 
mesh applied in the simulations. A grid size which is too 
large will decrease the accuracy and the confidence in the 
modelling results and a too small grid size will be com-
putationally demanding with no differences in the output 
results. McGrattan et  al. [27] presented the following 

resolution of the fire plume flow field, applying a charac-
teristic fire diameter ( D∗):

Earlier studies have shown that a mesh grid size smaller 
than the range 0.075∙D*–0.1∙D* will result in output 
results being grid size independent [28]. Each tyre fire in 
the full-scale experiments involving a loader and a drilling 
rig was estimated at a maximum of 1.4 MW in the drilling 
rig case and 4.1 MW in the loader case [25]. Based on the 
heat release rates and the characteristic fire diameter range, 
a mesh grid size of 0.04 m was selected for both the drill-
ing rig and the loader case, applying a uniform mesh grid 
size for the entire domain. The LES mode was chosen for 
the simulations as grid size–independent results would be 
ensured using the LES mode.

The dimensions of the modelled domain were 10 m in 
length (in the direction of the longitudinal ventilation flow 
and set to the x-direction), 4 m in width (y-direction) and 
5 m in height (z-direction). Taking advantage of the sym-
metry, the entire drilling rig and loader were not included 
in the simulations as the focus was on the fire behaviour 
along the side of the vehicle, with a burning tyre and the 
longitudinal ventilation flow streaming along the side. 
Approximately half the width of the vehicle was included 
in the simulations, explaining the somewhat reduced mine 
drift width of the modelled domain. The schematics of 
the modelled domain and vehicles can be seen in Figs. 5, 
6, 7 and 8. For a detailed description of the two mining 
vehicles, see a report by Hansen and Ingason [26]. Any 
details in the domain — cab, tyre etc. — were made up 
of rectilinear volumes. Thus, the circular geometry of the 
tyres was approximated by numerous rectilinear volumes 
to achieve rounded surfaces.

The burning tyre was the rear tyre in all simulations and 
where the front tyre was downstream of the fire. The fuel in 
the simulations consisted of burning tyre surfaces. When 
modelling the heat release rate of the tyre fires, the heat 

(13)D∗ =
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Fig. 4   The position of the 
thermocouple above one of the 
tyres (seen on the left) and the 
position of the thermocouple at 
the inner part of the wheel/tyre 
section (seen on the right) — 
drilling rig experiment
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release rate per unit area (HRRPUA) model was selected 
as pyrolysis model and the maximum heat release rates 
listed above were used as input. The simplified HRRPUA 
model was used as pre-described heat release rate curves 
from an earlier analysis of the experiments were defined 

[25]. A HRRPUA value was calculated by dividing the 
maximum heat release rate by the calculated total surface 
area of each tyre. A ramp function was used to describe 
the heat release rate per unit surface area as a function of 
time (from 0 to the calculated HRRPUA value). The heat 

Fig. 5   The modelled domain of 
the drilling rig simulations, xz-
plane. Cab and mudguards seen 
in red, and rear tyre (fire object) 
seen in yellow

Fig. 6   The modelled domain 
of the drilling rig simulations, 
xy-plane. Cab and mudguards 
seen in red

Fig. 7   The modelled domain 
of the loader simulations, xz-
plane. Cab and mudguard seen 
in red, and rear tyre (fire object) 
seen in yellow
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release rate per unit surface area was ramped in accord-
ance to earlier developed exponential functions based on 
the full-scale experiments [25], attaining the maximum 
heat release rate after 240 s in the loader case and 540 s in 
the drilling rig case, and the simulations were continued 
for another 50 s with a constant heat release rate and thus 
totalling 290 s and 590 s in time length. Only the heat 
release rates of the rear tyre were included in the simula-
tions to isolatedly and specifically study the effects of the 
tyre fires.

The radiative heat transfer was set in default operation — 
solving the radiation transport equation for a grey gas — and 
the surrounding surfaces of the modelled mine drift con-
sisted of Dolomite — as in the full-scale fire experiments. 
The ambient temperature was set to 10 °C in all simulations, 
equivalent to the temperature in the full-scale experiments.

The fan in each simulation provided a uniform volumetric 
flow rate. The inlet (at the position of the fan) was set to 
velocity boundary and the exhaust was set to open at atmos-
pheric pressure. Three different ventilation flow veloci-
ties were applied in the simulations: 0.5 m/s, 1.0 m/s and 
2.0 m/s. The ventilation flow velocity was ramped linearly 
— attaining the desired flow velocity after 100 s — to reduce 
the risk of numerical instability. The focus of the simula-
tions was the result at the end of the simulations when the 
maximum flow velocity and heat release rate had prevailed 
for some time. The heat release rate curves were not varied 
with increasing flow velocity to isolatedly study the effects 
of the flow velocity. The influence of a varying heat release 
rate was accounted for when comparing the drilling rig case 
with the loader case for the same flow velocity.

During the simulations, planar slices of data (temperature 
and velocity) as well as the three-dimensional contour of the 
300 °C temperature isosurface were recorded. The planar 
slices were positioned directly above the wheelhouse/mud-
guard (xy-plane) as well as directly adjacent to the wheel-
house/mudguard (xz-plane). Measuring points (temperature) 
were also added on the outside of the right, front tyre and 
waist of the two vehicles, positioned in accordance with 

thermocouples in the experiments. The temperature data 
was used in conjunction with the planar slice data.

Simulations were performed to validate the output results 
of the CFD model against the results from the full-scale 
experiments. In the simulations, the domain also comprised 
the measuring station, where the average gas temperature 
was measured with thermocouples 0.8, 2, 3.2 and 4.4 m 
down from the ceiling. The resulting average gas tempera-
tures for the initial 10 min (included the initial phase with 
high fire growth rate) can be seen in Fig. 9. The predicted 
temperatures of the drilling rig as well as the loader fitted 
well with the experimental temperatures.

5 � Results and Discussion

5.1 � Full‑Scale Experiments

5.1.1 � General Flame Behaviour

When studying the video footage from the drilling rig 
experiment (the video camera was positioned upstream of 
the drilling rig, facing the right and rear section of the vehi-
cle), the inflow of air and plume flow at the right, rear tyre 
could be easily discerned. Figure 10 displays an inflow of 
air at the lower level, where few flames are seen along the 
tyre surface facing the ventilation flow (except for flames 
seen in the tyre threads). The flow of air is thus pushing the 
flames along the tyre surface not protected by the mudguard 
construction and any flames found along the surface are gen-
erally short in length due to the well-ventilated conditions, 
the exception being the tyre threads where a fuel-rich envi-
ronment can be found in the voids, causing an increase in 
the flame length. The flames along the side of the tyre are 
also shorter in length (approximately 0.1 to 0.2 m in length) 
due to the air masses flowing along the side of the vehicle. 
The wheel rim acted as an inert centre, resulting in a “ring 
of fire” on the tyre side. On the leeside of the tyre, the flame 
length was much longer, forming a tilted flame volume. The 

Fig. 8   The modelled domain 
of the loader simulations, xy-
plane. Cab and mudguard seen 
in red
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fire plume ascends towards the upper part of the mudguard, 
forming a fire gas layer underneath the construction. The 
fire plume flows out of the construction, slightly twisted 
into the longitudinal ventilation flow direction and with a 
considerable flame length. The environment in the upper 
part of the mudguard can be categorized as fuel rich, due to 
the mudguard construction enhancing the thermal feedback 
back to the fuel surface and increasing the pyrolysis and the 
blockage of the ventilation flow, reducing the entrainment 
rate. A phenomenon working in the other direction is the 
Venturi effect, which will cause an increase in the mixing 
of the flowing air and the emitted fire gases.

5.1.2 � Flame Tilt Angle

Figure 11 displays the left, rear wheelhouse of the loader 
after the full-scale fire experiment. The light colour seen 
on the left side of the wheelhouse indicates areas where the 
temperature has been very high and has burnt off the soot. 
The angle will give an indication of the flame tilt angle and 
was estimated at 72° (i.e. the angle between the horizontal 

and the plume axis). The angle was estimated using tech-
nical drawings of the vehicle and photos taken after the 
fire. The estimated flame tilt angle was compared with the 
flame tilt angle results applying either Eqs. (1–7) or Eqs. 
(8–9). The applied heat release rate in the calculations was 
the maximum heat release rate, assuming the burn marks 
would mainly occur during the period with the highest 
intensity and temperatures. The maximum heat release 
rate of the loader tyre was calculated using a maximum 
heat release rate per exposed surface area of 0.20 MW/m2 
[29] and a total outer surface of 10.2 m2. The heat release 
rate per exposed surface area will vary depending on the 
incident heat flux and the fuel surface underneath the mud-
guard will be exposed to higher heat fluxes, resulting in a 
higher heat release rate. The maximum heat release rate 
per exposed surface area will account for the increase, 
providing a value applicable for the period containing the 
peak heat release rate. To account for the increased heat 
release rate due to the porosity characteristics of the tyre 
threads, the maximum heat release rate was increased with 

Fig. 9   The average gas tempera-
ture at the measuring station
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a factor 2 [25]. The mobile fan providing the longitudinal 
ventilation flow during the maximum heat release rate of 
the tyre fire, was operated at the same rotational speed 
and from the same position as during the entire drilling 
rig experiment. As the mobile fan was operated at dif-
ferent rotational speeds and from different positions dur-
ing the early stages of the loader experiment, the average 
flow velocity from the drilling rig experiment was used 
instead. The average, measured flow velocity prior to igni-
tion at the lowest bi-directional probe was applied in the 
calculations, being closest to the mid-height of the loader 
tyre. The mid-height of the tyre is assumed to be above 
the boundary layer. The volumetric flow rate and the flow 
velocity were assumed to be constant in the calculations. 
Applying Eqs. (1–7) results in a flame tilt angle of 79° and 
applying Eqs. (8–9) a flame tilt angle of 77°. Applying the 
principle of mass continuity and accounting for the Ven-
turi effect (adjusting the ventilation flow velocity by using 
the blockage ratio of the drilling rig) resulted in a flame 
tilt angle of 65° using Eqs. (1–7) and an almost unchanged 
tilt angle of 76° using Eqs. (8–9). An unchanged flame 
tilt angle when accounting for the accelerated flow due 
to the Venturi effect is highly unlikely. If comparing the 
estimated flame tilt angle from the experiment and the 
calculated tilt angle of Eqs. (1–7) — which are based on 
free burning fire sources — and accounting for the Venturi 
effect, the wheelhouse will have an effect on the flame tilt 
angle. This specific wheelhouse construction will increase 
the angle by approximately 10%. A higher flame tilt angle 
is generally desired to decrease the risk of fire spread in 
the direction of the ventilation flow. A higher flame tilt 
angle will decrease the risk of flame impingement and 
decrease the incident heat flux on fuel items downstream. 
Nevertheless, with a higher flame tilt angle, the surround-
ings above the wheelhouse or mudguard will have to be 

analysed with respect to combustible fuel items, mitigating 
the risk of fire spread in the vertical direction.

Even though the above experimental observation and 
calculations contain several different assumptions and sim-
plifications, the resulting approximative angles will give 
an indication on the impact of the wheelhouse. The nearby 
metal surfaces of the wheelhouse will alter the flame behav-
iour — effecting the risk of fire spread — and a longitudinal 
ventilation flow will add further to the complexity.

5.1.3 � Flame Temperatures and Flame Lengths

The flame temperature will vary depending on factors such 
as the type of fuel involved, soot formation during the fire, 
size of fire and ventilation conditions. With increasing soot 
formation or decreasing fire size, the flame temperature will 
decrease. With decreasing supply of oxygen — resulting in 
a fuel-rich environment — the energy released will decrease 
and unburned fuel components will absorb energy from the 
combustion, resulting in a decreased flame temperature.

Baum and McCaffrey [30] divided the fire plume into the 
following three zones: continuous flame zone, intermittent 
zone and plume zone. The continuous flame zone is fully 
engulfed in flames, where the centreline temperature is con-
stant. In the intermittent zone — found above the continuous 
flame zone — flames are intermittently present, whereas in 
the plume zone no combustion takes place, and no flames 
are present. The flame temperature in the continuous flame 
zone will be of high interest when analysing the fire spread 
to adjacent fuel items as the visible flame is continuously 
present in the zone.

Each drilling rig tyre was equipped with a thermocouple, 
positioned in between the upper part of the mudguard and 
the tyre (see Fig. 4 for the position). As seen in Fig. 10, the 
thermocouples would be well within the continuous flame 

Fig. 12   The temperature meas-
urements at the right, rear tyre 
(Tc11), left, rear tyre (Tc13) 
and the left, front tyre (Tc14) — 
drilling rig fire
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zone during parts of the fire. Figure 12 displays the tempera-
ture recordings from the thermocouples at the right, rear 
tyre (Tc11), left, rear tyre (Tc13) and the left, front tyre 
(Tc14). The thermocouple at the right, forward tyre (Tc12) 
stopped functioning after approximately 12 min from the 
time of ignition. All three temperature curves contain a pla-
teau phase where the temperature stays constant and where 
the thermocouples were fully engulfed in flames. Calculating 
the average temperature of all three plateau phases resulted 
in a flame temperature of 921 °C.

Figure 2 displays the position of the thermocouple on 
the loader wheel rim. Only the rear tyres took place in the 
fire during the loader experiment and when calculating the 
average temperature of the plateau phase of the left, rear tyre 
a flame temperature of 863 °C was received (see Fig. 13 for 
the temperature recordings). The lower flame temperature 
of the loader tyre was most likely due to an increased soot 
formation, which in turn depended on a different composi-
tion of the tyre material.

When comparing with flame temperatures of other mate-
rials or substances, the calculated flame temperature of the 
drilling rig tyre is found in the upper region whereas the 
loader tyre temperature is found within the typical range of 
800–900 °C [31–33] for the continuous flame zone for vari-
ous types of fuels. A higher flame temperature will increase 
the risk of ignition of adjacent fuel items and decrease the 
time to ignition, contributing to a fire with higher intensity 
and larger impact on the surroundings.

Studying the video recordings from the drilling rig exper-
iment, the flame length of the rear, right tyre was estimated 
from the recordings. Flame lengths during sudden eruptions 
were neglected, focusing instead on the flame length during 
steady-state periods. Measuring from the top of the tyre and 
adjusting for the tilt angle, the flame length was estimated 
at approximately 0.9 m. When measuring the flame length, 

the flame length was defined as the extent of the continu-
ous flame zone. When adjusting for the tilt angle, the Ven-
turi effect was accounted for and similar degree of impact 
from the mudguard construction as in the loader case was 
assumed. Calculating the flame length using Eqs. (10–11), a 
flame length of approximately 0.3 m resulted. An unrealisti-
cally high flame length resulted when using Eq. (12). Equa-
tions (10–11) have been validated against full-scale tunnel 
fires and the question is why the observed flame length dif-
fers so much from the calculated flame length? The pool 
fire adjacent to the tyre would have contributed to a longer 
flame length, explaining some of the discrepancy. Still, the 
construction of the mudguard would have largely contrib-
uted to the extended flame length by creating a fuel-rich 
environment and reducing the entrainment rate. The chimney 
effect and the Venturi effect would have worked in the other 
direction, increasing the entrainment rate but the mudguard 
construction would have had a larger impact on the flame 
length. A longer flame length would increase the risk of igni-
tion of adjacent fuel items, as the risk of flame impingement 
would increase and the incident heat flux on fuel surfaces 
would increase due to shorter distance to flames. Longer 
flame lengths due to mudguard construction would therefore 
have to be considered when for example positioning com-
bustible items in the vicinity of the mudguard.

Even though a lower heat release rate and a different con-
struction enclosing the drilling rig tyre would result in a 
different flame tilt angle compared with the loader case, the 
difference between the measured and the calculated flame 
length is so significant that the flame length extending char-
acteristics of the mudguard is evident.

Estimation of the corresponding flame length of the 
loader was not possible as the camera was aimed at the 
lower section and the video recordings did not display the 
full extent of the flame length.

Fig. 13   The temperature meas-
urements at the left, rear tyre 
(Tc13) — loader fire
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5.1.4 � Impact on Nearby Fuel Items

A plate thermometer (PTC21) was positioned at the left, 
rear drilling rig tyre, providing data for the calculation of 
the heat flux from the tyre fire. The plate thermometer was 
in line with the rear edge of the tyre, facing the vehicle at 
a distance of 0.5 m. During the drilling rig experiment, a 
maximum incident heat flux of 28.8 kW/m2 was recorded 
at the tyre. The recorded value comes very close to the cor-
responding value of the left, rear loader tyre: 29.4 kW/m2. 
Applying the following expression for calculating the radiant 
heat flux at a distant point:

where q̇′′
r
 is the radiant heat flux (kW/m2),� is the dimen-

sionless view factor and E is the net emissive power of the 
flame (kW/m2), the radiant heat flux was calculated at dif-
ferent distances from the burning tyre. When calculating the 
view factor between the tyre flames and the plate thermome-
ter, the view factor was divided into the following two cases:

–	 A differential planar element to a finite parallel rectangle 
[34], where the finite parallel rectangle is represented by 
the flames from mid-height of the tyre to the top of the 
continuous flame zone (applying the earlier estimated 
maximum flame length).

–	 A planar element to a semi-circular disk in a parallel 
plane [34], where the semi-circular disk is represented 
by the flames from the ground to the mid-height of 
the tyre.

To simplify the calculations, the wheel rim is assumed 
to be covered by flames and the flame tilt angle is not 

(14)q̇��
r
= 𝜙 ∙ E

considered. As the view factor expressions given by Hottel 
[34] represent the view factor from a differential area to a 
finite area, the reciprocity relation for a view factor between 
a differential and finite area was applied [35]. The result-
ing incident heat flux as a function of the distance from the 
burning tyre can be found in Fig. 14. Table 1 lists the criti-
cal heat fluxes of materials typically found in underground 
mines and on mining vehicles. The critical heat flux is one 
of the typically used ignition criterion, where ignition occurs 
when the incident heat flux exceeds the critical heat flux. 
As noted from Table 1 and Fig. 14, a tyre fire is less likely 
to ignite a tyre on an adjacent vehicle but more likely to 
ignite hoses or cables on the vehicle. Table 1 and Fig. 14 
could for example be used when analysing safety distances 
to decrease the risk of ignition from a tyre fire. Be aware 
that the critical heat flux values found in Table 1 are for 
piloted ignition — where the ignition source consists of a 
spark igniter — and the critical heat flux for autoignition of 

Fig. 14   The calculated heat flux 
from the drilling rig tyre at dif-
ferent distances
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Table 1   Critical heat fluxes and ignition temperatures of materials 
typically found in underground mines and on mining vehicles

Material Critical heat 
flux (kW/
m2)

Ignition 
temperature 
(°C)

Tyre 17.1 [25] 297 [37]
Hydraulic hose (Nitrile-Butadiene 

Rubber)
6.2 [25] 335 [38]

Electrical cable (flame retardant polyu-
rethane)

4.0 [25] 308 [36]

Wood (Monterey pine, 11% moisture 
content)

10.8 [36] 340 [36]

Conveyor belt (Styrene Butadiene 
Rubber)

10–15 [37] 360 [36]
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a material is obviously higher, for example 20 kW/m2 for 
wood [36]. Still, a feasible fire scenario could include the 
autoignition of a material with lower critical heat flux, which 
in turn could act as a pilot ignition source of a material with 
higher critical heat flux.

Plate thermometers were also positioned at the front 
tyres, with PTC20 positioned in line with the rear edge of 
the front, right tyre and PTC22 in line with the rear edge 
of the front, left tyre. In both cases did the plate thermom-
eter face the rear section of the vehicle and at 0.5 m from 
the tyre. Figure 15 displays the incident heat flux at PTC20 
(PTC22 ceased to function after 10 min) in the drilling rig 
experiment and Fig. 16 displays the incident heat flux at 
PTC20 and PTC22 in the loader experiment (PTC20 ceased 
to function after 40 min). As seen, the incident heat flux at 
the right, front tyre was significantly higher during the drill-
ing rig experiment compared with the loader experiment. A 
question here is why the drilling rig experiment resulted in 
so much higher heat flux values? Several factors point in the 
other direction: the shorter distance between the front and 
rear tyres of the loader and the higher heat release rates of 

the loader tyre fire and the adjacent pool fire. As the block-
age ratio of the two vehicles was very similar and that the 
mobile fan operated at the same rotational speed and from 
the same position throughout most of the experiments, the 
influence of the longitudinal ventilation was expected to be 
similar in the two experiments. A factor possibly pointing 
towards higher heat fluxes in the case of the drilling rig is 
the occurrence of cable/hose fires at the mid-section. Cables 
and hoses found in the lower parts of the mid-section — 
exposed to both the rear and front tyres — would easily 
have been ignited by the rear tyre and then in turn exposed 
the front tyre for higher heat fluxes due to a very short dis-
tance. The same fuel configuration could not be found in the 
loader case. This observation is further strengthened by mid-
section temperature measurements, where the temperature 
was approximately 800 °C in the drilling rig case but only 
approximately 100 °C in the loader case. Yet another factor 
would be the higher flame temperature from the burning 
drilling rig tyre.

The inner part of the rear wheel/tyre section of the drilling 
rig was equipped with thermocouples. The thermocouples 

Fig. 15   The calculated incident 
heat flux at PTC20 in the drill-
ing rig experiment
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Fig. 16   The calculated incident 
heat flux at PTC20 and PTC22 
in the loader experiment
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were positioned at the openings towards the main body of 
the vehicle (see Fig. 4 for the position). Both thermocou-
ples measured temperatures exceeding 800 °C 10 min after 
ignition and for 30 min. As seen from the ignition tempera-
tures found in Table 1 and given the high temperatures in 
the enclosure of the mudguard, any combustible material 
exposed to the hot fire gas flow through for example open-
ings will most likely ignite at an early stage. Any shielding 
measures — for example, a metal plate covering the inner 
part of the wheel/tyre section — would prevent or at least 
delay the ignition of any hoses or cables in the section.

5.2 � CFD Simulations

5.2.1 � Flame Tilt Angle

The variations of the flame tilt angle were studied using the 
isosurface and planar slice data from the simulations as the 
angle was easiest to discern if using this data. Studying the 
flame tilt angle at the end of the simulations, it was found that 
the flame tilt angle for a longitudinal ventilation velocity of 
0.5 m/s was similar for the loader as well as the drilling rig 
and the flame tilt angle decreased for the 1.0 and 2.0 m/s cases 
but to a larger degree in the loader case. The planar slices 
(temperature) at the end of the simulations directly adjacent to 
the wheelhouse/mudguard (xz-plane) can be seen in Fig. 17. If 
only accounting for the heat release rate of the two tyre fires, 
the flame tilt angle should have been higher for the loader case 
compared with the drilling rig case due to a stronger buoyancy 
force caused by the higher heat release rate.

When studying the flow velocities at the end of the 
simulations in the direction of the longitudinal ventilation 

flow for the 2.0 m/s simulations, it was found that the flow 
velocity stayed constant along the outer side of the burn-
ing tyre in the drilling rig case. The flow velocity in the 
loader case initially increased after passing the upstream 
part of the wheelhouse and decreased when approaching 
the downstream part of the wheelhouse. The increased flow 
velocity would contribute to the lower flame tilt angle in the 
loader case. The lower and decreasing flow velocities are 
explained by the fire gases flowing out of the wheelhouse/
mudguard, encountering, and retarding the longitudinal ven-
tilation flow (the retardation is mostly seen in the upper parts 
where the tyre is enclosed by the wheelhouse). Besides the 
heat release rate, longitudinal flow velocity and the wheel-
house/mudguard construction, the geometry of the tyre will 
also influence the flame tilt angle. A larger tyre width will 
increase the amount of pyrolysis products flowing out of the 
wheelhouse, decreasing the flow velocity, whereas a larger 
tyre diameter would decrease the influence of the outflowing 
pyrolysis products.

5.2.2 � Temperature Distribution

When studying the temperature distribution (planar slice 
and thermocouples) in parallel to the ventilation flow, it was 
found that fire gases with higher temperatures could be seen 
in the lower parts downstream of the fire to a larger degree 
in the loader simulations compared to the drilling rig. This 
is in line with the earlier measured flame tilt angle which 
was lower in the loader simulations. This could partially 
be explained by the higher heat release rate and smoke pro-
duction in the loader case, where the wheelhouse may not 
ventilate the flames and fire gases as efficiently as in the 
drilling rig case with lower heat release rate. Some fire gases 
and flames may thus escape at the lower level towards the 
front tyre and mudguard as well as along the underside of the 
vehicle. With increasing tyre dimensions and thus also heat 
release rate, the risk of hot fire gases and flames escaping at 
the lower level should be considered. Besides ensuring that 
combustible items at the lower level are shielded, the flow 
of flames and fire gases may also be blocked. Even though 
the flow may not be entirely blocked, any obstruction in the 
direction of the flow will increase the mixture with the air 
which in turn will decrease the temperature of the fire gases 
and decrease the risk of ignition.

When studying the temperature distribution from above, 
it was found that fire gases with higher temperatures 
veered in towards the vehicle body in the drilling rig sim-
ulations, whereas in the loader simulations the fire gases 
mostly followed the ventilation flow and swept past the 
mudguard and the front tyre on the outside. Figure 18 dis-
plays the right-hand side of the loader after the fire experi-
ment, as can be seen mostly the outer part of the mudguard 
was affected by the flow of fire gases (distinguished by 

Fig. 17   The xz-plane temperature distribution of the drilling rig (top) 
and the loader (bottom). A 45° angle has been inserted to facilitate 
comparison. Highest temperatures are shown in red and yellow
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the higher degree of soot deposit along the outer edge). 
Besides the higher heat release rate, the construction of the 
loader contributed to this flow behaviour, where the short 
distance to the front mudguard/tyre and the separation 
of flow directly downstream of the protruding construc-
tion led to the flow of flames and fire gases being largely 
steered past the front mudguard/tyre. In the case of the 
drilling rig, the longer distance to the front mudguard/tyre 
and the abrupt end of the rear mudguard would have led 
to the flow of fire gases being directed towards the body 
of the vehicle after passing the area with flow separation. 
The distance between the front and rear tyres would thus 
influence the risk of fire spread through two mechanisms 
— working in different directions. An increasing distance 
between the tyres will decrease the radiative heat transfer 
from the flames and therefore decrease the risk of ignition, 
but at a longer distance the impact of flow separation will 
decrease and therefore expose a larger portion of the tyre 
downstream to the flow of hotter fire gases and flames and 
thus increasing the risk of ignition. Figure 19 displays the 
distribution of the 300 °C isosurface in the xy-plane for 
the 2.0 m/s flow velocity cases.

Despite the shorter distance between the rear and front 
tyres and the flowing fire gases at the lower level in the 
loader case, the front tyres of the loader were never ignited 
in the fire experiment. This could be attributed to the follow-
ing four factors: the high critical heat flux of the tyre, the 
mudguard being able to mitigate the impact from the flowing 
fire gases, the flow of hot fire gases sweeping mostly past the 
mudguard and on the outside of the tyre, and the absence of 
cables and hoses directly downstream of the wheelhouse and 
along the underside of the vehicle. In the case of the drilling 
rig, the two first factors were fulfilled but not the last two. 
Cables and hoses along the underside of the drilling rig thus 
functioned as a bridge in the fire spread between the rear 
and front tyres.

5.2.3 � Velocity Distribution

When studying the velocity distribution in parallel to the 
ventilation flow, it was found that the velocities at the under-
side of the vehicle were generally higher in the loader simu-
lations compared to the drilling rig simulations. Following 
upon this, the front mudguard and tyre of the loader are 
exposed to higher flow velocities compared to the drill-
ing rig. In the loader simulations, a larger area with higher 
velocities can be found between the rear wheelhouse and 
front mudguard. This is due to the lower flame tilt angle of 
the loader simulations, where a large portion of flames and 
fire gases with higher velocities will be found in between the 
tyres. When studying the velocity distribution from above, 
similar observations were made as for the temperature distri-
bution, i.e. fire gases with higher velocities veered in towards 
the vehicle body in the drilling rig case and the fire gases in 
the loader case mostly followed the ventilation flow.

6 � Conclusions

An in-depth analysis of tyre fires on mining vehicles was 
presented. Data from full-scale fire experiments and CFD 
simulations were applied in the analysis.

The wheelhouse of the loader was found to cause an 
increase in the flame tilt angle of approximately 10% when 
comparing with the calculated free burning case, decreasing 
the risk of flame impingement and heat flux downstream. 
Applying experimental data, the flame temperature of the 
drilling rig tyre was found to be approximately 7% higher 
than the loader tyre, increasing the risk of igniting adja-
cent fuel items. The lower flame temperature of the loader 
tyre was most likely due to an increased soot formation, 
depending on a different tyre material composition. The 

Fig. 18   The right-hand side of the loader with the front mudguard 
partially affected by the fire. Photo: Andreas Fransson [26] Fig. 19   The distribution of the isosurface (300 °C) in the xy-plane of 

the drilling rig (top) and the loader (bottom), 2.0 m/s flow velocity
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construction of the wheelhouse/mudguard will contribute 
to a longer flame length by creating a fuel-rich environment 
and reducing the entrainment rate. The wheelhouse/mud-
guard construction was found to have a larger impact on the 
flame length than the increased entrainment rate caused by 
the chimney effect and the Venturi effect. A longer flame 
length would increase the risk of flame impingement, higher 
incident heat flux on fuel surfaces and thus the ignition of 
adjacent fuel items.

Incident heat flux values (from flame radiation) as a 
function of the distance from a burning tyre were calcu-
lated. The resulting heat flux values could be applied in 
conjunction with critical heat fluxes of materials typically 
found in underground mines and on mining vehicles, when 
analysing safety distances to decrease the risk of ignition 
from a tyre fire.

Thermocouples in the inner part of the wheel/tyre section 
of the drilling rig measured temperatures exceeding 800 °C 
10 min after the initiation of the experiment. Any combusti-
ble material exposed to the hot fire gas flow will most likely 
ignite at an early stage, emphasizing any shielding measures 
to prevent or at least delay the ignition.

The CFD simulations predicted higher flame tilt angles 
for the drilling rig case for higher flow velocities, indicating 
the influence of a varying wheelhouse/mudguard construction 
on the flame tilt angle but also the influence of the geometry 
of the tyre. A larger tyre width will increase the amount of 
pyrolysis products flowing out of the wheelhouse, decreas-
ing the flow velocity, whereas a larger tyre diameter would 
decrease the influence of the outflow of pyrolysis products.

It was found that fire gases with higher temperatures 
could be seen in the lower parts downstream of the fire to 
a larger degree in the loader simulations compared to the 
drilling rig. This could partially be explained by fire gases 
and flames escaping at the lower level towards the front tyre 
and mudguard as well as along the underside of the vehicle. 
The decreased ventilation capability of the loader wheel-
house was caused by the higher heat release rate and smoke 
production in the loader case.

The construction of the loader resulted in a flow behav-
iour, where the short distance to the front mudguard/tyre and 
the separation of flow directly downstream of the protruding 
construction led to the flow of flames and fire gases being 
largely steered past the front mudguard/tyre, whereas in the 
case of the drilling rig, the longer distance to the front mud-
guard/tyre led to the flow of fire gases being directed towards 
the body of the vehicle after passing the area with flow sepa-
ration. The simulated result was validated by documentation 
from full-scale fire experiments.

The influencing parameters on the fire behaviour and 
impact of burning tyres in a mine drift are numerous, 
where phenomena will work in different directions with 
respect to risks, adding to the complexity.
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