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Abstract

Passenger transport companies have often been affected by fires in their vehicles, causing
considerable damage. As a result, it is important to study the causes and effects of these
fires, as well as to define the maintenance policies and strategies to be implemented to
minimize the probability of this type of accident occurring. The support for this paper was
based on the study of an accident that occurred in Portugal involving a passenger bus that
suffered a fire in the engine compartment, which spread to the passenger compartment and
caused the destruction of the vehicle, with no personal injuries. This study used infrared
image analysis technology, oil ignition temperature analysis, maintenance history, accident
history and operator interviews to determine the possible cause of the ignition. It was
found that the cause was due to oil leaks from the engine compartment cooling system.
The present communication will share a set of explanatory elements of the circumstances in
which the accident occurred. In addition to identifying the causes of the accident, the study
warns of the importance of more effective and efficient maintenance, particularly when
using Condition Based Maintenance (CBM), including periodic visual inspections of the
various mechanical and electrical components that make up the vehicles. The conclusions
presented in the study also show that these events are not unrelated to the poor or even
non-existent maintenance policy for the entire fleet, including the applicable standards.

Keywords: engine diesel; failure analyses; fire bus; maintenance; transport

1. Introduction

The main objective of this paper is to study the causes and effects of passenger
transport vehicle fires, as well as to define the maintenance policies and strategies to be
implemented to minimize the probability of this type of accident occurring.

Until the early 1970s, most industrial units performed maintenance reactively, after a
breakdown shutdown—so-called corrective maintenance.

The advent of computers led many companies to implement systematic preventive
maintenance strategies. This approach, still prevalent today, typically uses maintenance
planning programmes to control calendar-based maintenance activities and automatically
trigger work orders.

In the late 1970s, the concept of Reliability Centred Maintenance (RCM) emerged to
reduce the growing volume of work orders resulting from computerized planning. The
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first RCM procedures were heavily influenced by safety factors, having originated in the
aircraft industry. Around the same time, a maintenance philosophy called Total Productive
Maintenance (TPM) was gaining traction among Japanese manufacturers. TPM advocates
a partnership between production and maintenance, so that basic maintenance operations
(cleaning and inspections) are performed by machine operators.

In the mid-1980s, technological advances in instrumentation and the emergence of
the personal computer enabled the ability to predict machine problems by measuring their
condition through vibration, temperature, and ultrasound sensors. This technology is
often referred to as Predictive Maintenance (PdM) based on condition control. Another
more advanced maintenance strategy, called Proactive Maintenance, allows machine failure
cycles to be extended by systematically removing failure sources.

In the early 1990s, the Reliability-Based Maintenance approach was introduced, ef-
fectively combining the strengths of all these strategies and philosophies into a single
maintenance system.

As we review the history of maintenance, it is interesting to note that from the indus-
trial era until the 1970s, the maintenance function had evolved very little, as there were
no improvement strategies. The term Condition Based Maintenance (CBM) emerged in
the 1970s and 1980s to designate a new approach to preventive maintenance, based on
knowledge of the actual condition of machines through the implementation of a condition
monitoring system.

This involves deciding when to intervene in equipment based on knowledge of its ac-
tual condition. That is, instead of performing planned maintenance work at fixed intervals,
as in systematic way, it is performed at variable intervals, determined by the condition of
the equipment. CBM, therefore, focuses on individual equipment, replacing inspections at
fixed intervals with inspections at fixed intervals. The economic advantages of CBM arise
from gains in reduced production losses due to increased equipment availability and gains
in reduced maintenance costs.

CBM can lead to the following benefits:

Increased bus operator safety;
Increased bus availability;
Reduced maintenance costs;

Greater efficiency in operating facilities and equipment, allowing production volume

to be adjusted to the conditions of the facilities and equipment and achieving an

appropriate level of quality;

e  Greater capacity for dialogue with equipment manufacturers and/or repairers, based
on knowledge gained from condition control;

e  Better customer relations due to reduced unforeseen production downtime;

e  DPossibilities for improving the specifications and design of future facilities and equipment.

There are several asset condition control techniques (with application in maintenance),
including the following:

Vibration analysis;
Thermography;

Performance parameter analysis;
Visual inspection;

Ultrasonic measurements;

Oil analysis.

Among the various maintenance techniques, visual inspection, thermography, and oil
analysis stand out, as they are used in this case study.
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Thus, considering the EN 13306:2021 standard [1], maintenance is defined as “the
combination of all technical, administrative and management actions, during the life
cycle of an asset, aimed at maintaining or restoring it to a state in which it can fulfil its
required function.”

According to standard EN 13306:2021 [1], Condition Based Maintenance (CBM) or
conditioned maintenance is defined as follows: “Preventive maintenance includes physical
condition assessment, analysis and possible resulting maintenance actions. Condition
assessment can be carried out by operator observation, and/or inspection, and/or test-
ing, and/or condition monitoring of system parameters, etc., conducted according to a
programmed, on-demand or continuously.” Regarding CBM, and specifically oil analy-
sis, a number of studies have been carried out, which are referenced by the following
authors: [2-12].

Other studies dealing with maintenance have been carried out related to the im-
portance of public bus transport, emphasizing the relevance of carrying out life cycle
assessment and maintenance management based on key performance indicators [13,14].

Millions of people travel safely by bus every day to and from work, school and leisure
activities. Buses are thought to be among the safest forms of public transportation, but a
fire caused by a collision or component failure endangers lives and affects both operational
expenses and customer trust [15]. The public’s concern over transit bus fires has grown
globally, mostly due to the significant loss of life and property they are linked to [16].

Several other studies have been carried out concerning the reasons related to buses
catching on fire in different countries worldwide [17-22]. The authors agree that improving
maintenance and inspections can reduce drastically the number of fires.

Other studies were presented to build systems that would detect fires and extinguish
them; some authors emphasize that this is even happening in newer buses [23-26].

Raposo et al. [10] presented a study on urban bus engine oils, in which the evolution
of their degradation was monitored to assess the potential impact of a CBM policy on urban
bus fleet management companies [10,11]. By analyzing the lubricants in use, valuable
information can be gathered about the operating conditions of the engines, which is
essential for preventing this type of accident (fires). Based on this information, it is possible
to assess the condition of the engines, determine the most appropriate time to replace
them and, in addition, obtain a diagnosis of the state of the equipment and its progress.
This monitoring of the degradation of lubricating oils also increases the safe operation of
vehicles (buses), reduces faults and their costs and improves the efficiency of the vehicle,
thus preventing the occurrence of vehicle fires, which often result in the total loss of the
vehicle [27].

So, on 27 September, at 11:35 a.m., a bus on route X, with 20 passengers on board, was
travelling, just before reaching stop “Y”, when an anomaly occurred that led the driver to
stop the vehicle and get out to find out what had happened.

According to the testimony, the driver heard a bang coming from the rear of the
vehicle, which he thought might have been due to a tyre bursting. Although he did not
see any sign of an anomaly on the dashboard, he stopped the vehicle next to the bus stop,
opened the front door and went out towards the back, leaving the engine running. Before
leaving, or while travelling, he heard a passenger say that she smelled something burning.
He inspected the rear wheels on both sides, finding no signs of damage to the tyres, and
was returning to continue his journey when, as he was passing on the right-hand side next
to the air passage grille for the engine cooling system, intercooler and hydraulic system, he
noticed smoke coming from the front of the grille. Peering round, he saw a flame in the
area behind the hydraulic motor of the cooling fan further forward in the vehicle. He then
went to his seat, opened the exit doors for the passengers and told them to get out. The
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passengers all got out without a hitch. As far as we could tell, the passengers got out before
there was any smoke or flames in their compartment.

The driver switched off the engine, collected the fire extinguisher and went to the back
of the vehicle to try to fight the fire. Although he had used the extinguisher completely, he
was unable to put out the fire, which grew to large proportions. At the back of the vehicle,
on the right-hand side, a pool of oil was forming, which was being fed in gulps from the
reservoir and hydraulic system mentioned above. The oil was on fire.

At the scene of the accident, the road had a positive gradient, i.e., it was travelling
uphill. As a result, the oil and other liquids spilt onto the ground because of the fire,
flowing out of the perimeter occupied by the vehicle and, particularly, out of the engine
area. Even so, the fire inside the engine compartment—possibly fuelled by the combustion
of combustible liquids spread on the ground—developed to such an extent that it completely
destroyed all of the vehicle’s mechanical components in that area.

At the same time, the smoke and then the flames entered the passenger compartment,
which was empty in the meantime, through a cable routing duct and air conditioning ducts
and, in a few minutes, consumed all the combustible materials inside along its entire length.

Even considering the high calorific power developed by the combustion in the engine
compartment, the ease with which the fire spread to the passenger compartment and
the degree of destruction of the plastic material of the seats and decorative or functional
elements of the vehicle’s interior is striking (Figure 1).

Figure 1. Exterior view of the engine compartment of the bus.

Coimbra Fire Brigade, whose station is less than 400 metres from the scene of the
accident—on the opposite road—intervened a few minutes after the fire started but could
do nothing to save the vehicle, which was rendered unusable (Figure 2).

Figure 2. Photos of the damaged vehicle.
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It should be noted that on the day of the accident, the air temperature was 21 °C and
there was practically no wind at the site. The road on which the accident occurred was a
wide avenue, with no buildings near the carriageway and no large numbers of people on
the pavements. We cannot help but wonder about the possible scale and consequences of
an accident of this nature if the following circumstances were to occur:

e Aroad in an area with high-rise residential buildings close to the carriageway;

e A carriageway with high pedestrian traffic near the accident site;

o A carriageway with other vehicles in circulation, particularly public passenger trans-
port vehicles or vehicles carrying dangerous loads;

e A vehicle with a larger number of passengers, some of whom may have mobility limitations;

e Driving in a sensitive area, such as next to an industrial site, next to a petrol station or
inside an airport.

Although some of the above scenarios are not plausible in Coimbra, they can occur
relatively easily in other cities where these vehicles are used. The possibility of their
occurrence, either separately or together, should be a matter for reflection and caution on
the part of the responsible authorities and, by itself, justifies carrying out a study such as
this one, aimed at finding the causes of the accident and proposing procedures to be taken
to avoid it.

2. Methodology

The above-mentioned investigation focused on the problem and analyzed the data
provided by the transport company and the data that was researched. The first step was to
gather as much information as possible about the accident and the vehicle, including the
occurrence of similar accidents in vehicles of the same brand and model.

Visits were made to the transport company’s premises for a meeting with the people
in charge of Transport Services and to inspect the vehicle that had been involved in the
accident, as well as another of the same brand and model that had caught fire before the
vehicle under study. Temperature measurement tests were carried out on an identical
vehicle using an infrared camera. The driver of the accident vehicle was also interviewed.

Bearing in mind that there are at least two other major urban transport operators that
use Brand A, Model X vehicles, Carris Bus and Porto Public Transport Services (STCP),
following contacts with these two organizations, a meeting was held to discuss their
experience of using these vehicles and the circumstances in which accidents of the same
type had occurred.

To ascertain whether the oil in the hydraulic motors of the engine cooling system,
intercooler and hydraulic system was ignited or self-ignited, a sample of the oil used was
requested from the services for laboratory tests.

3. Case Study Discussion

The Municipalized Urban Transport Services of Coimbra (SMTUC), a public trans-
portation company that recently celebrated its centennial anniversary, has consistently
provided its users with improved transportation conditions (air-conditioned, less polluting
buses, equipped with access ramps for citizens with reduced mobility, etc.), aiming to
provide greater convenience and comfort to its passengers.

However, despite the implementation of these measures, it is essential to keep in mind
that the quality of the services provided depends, in large part, on efficient maintenance
management, based on innovative policies that contribute to increased user satisfaction.

It is in this context that this case study originated. Although its primary objective was
to analyze, study, and audit a fire involving a bus in the SMTUC fleet, this fire clearly went
beyond the boundaries of Coimbra’s urban transportation sector, and thus has the potential
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to be generalized to any national and international company. Therefore, for decades, many
organizations focused much of their attention on offering products and services, often
ignoring the maintenance function, which was seen as a necessary evil. In recent years,
there has been a gradual shift in attitude, with managers also viewing the maintenance
function as a fundamental necessity for service quality. One of the most important factors
driving this shift has been the fact that maintenance departments have become significant
cost centres within organizations.

With overall operating costs rising at high annual rates, the potential for achieving
significant savings in the maintenance department has emerged through the implementa-
tion of advanced maintenance management practices, which have led to significant savings
strategies being outlined.

Over the years, various models and methods of good maintenance practices have been
developed to assess and support fleet performance, including unplanned maintenance,
CBM and Predictive Maintenance (PdM). Recently, major operators in vast urban areas
have introduced several added benefits, such as vehicle self-diagnostic systems, Relia-
bility Centred Maintenance (RCM), online data transmission, driver operating condition
monitoring, and cost control.

Urban transportation companies always have a certain bus reservation rate, which
varies from company to company. A low reservation rate is synonymous with high re-
liability, based essentially on the implementation of an efficient planned maintenance
plan, which results in the application of regular inspection methodologies that lead to the
evaluation and replacement of parts in a continuous and timely overhaul programme.

Managers have confirmed that the useful life of each component of a piece of equip-
ment or system varies significantly, meaning that, over its life cycle, a bus may require, for
example, two engines, four transmissions, and body painting every three years. Lifespan
also varies by vehicle type and geographic location of the network operated. In response to
new fleet management challenges, many companies have been introducing new practices
that are resulting in cost reductions. This has allowed them to increase efficiency, allow-
ing them to manage within established guidelines for reserve rates. Many of them have
introduced strategies that have improved reliability and reduced bus maintenance time.

Other companies are actively seeking new techniques and processes to improve their
fleet management, opting to send their personnel to other companies where new strategies
are already implemented. The model is based on a maintenance information system
that provides the history of each bus, by brand, model, and individual vehicle. This
information enables rapid problem-solving across the entire fleet by identifying anomalies
detected in individual vehicles. Many of the best practices also involve having better
training programmes that prepare maintenance personnel to become autonomous and
skilled mechanics.

In this chapter we present a case study of an urban passenger transport company in
Coimbra, using several research techniques, as well as a discussion of the results obtained.
Below, we present the characteristics of the case study vehicle (Figures 3 and 4):

Fleet number no. 003268

Year: 2004

Brand: A

Model: X

Registration: 72-12-UN

Chassis number: V596280432A172050

Gross weight: 19,000 kg

Fuel: Diesel

Cylinder capacity: 6373 cm3
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Number of cylinders: 6

Compression ratio: 17.4:1

Nominal speed: 2300 rpm

Engine power: 205/280 kW /hp

Maximum torque: 1100 Nm

Lubrication: Lubrication by forced circulation

Oil filter: Long-lasting oil filter, vertical arrangement
Capacity: 33 Sitting + 62 Standing + Mot
Capacity total: 95 passengers

Potency (kW)

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Number of Revolutions (r.p.m.)

Figure 4. Engine power, torque and consumption diagrams (source: manufacturer’s manual).
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The company uses preventive and corrective maintenance strategies. Table 1 shows

the regular maintenance intervals for the vehicle that suffered the fire.

Table 1. Periodic preventive maintenance interval—bus.

Vehicle Number Brand Model

Periodic Intervals

003268 A X

On the basis of the driver’s testimony and the observation made by the investigation
team, we are inclined to believe at this stage that the fire was caused by the bursting of a
flexible hydraulic engine oil supply pipe that drives the front cooling fan for the intercooler

air exchangers, the engine cooling water and also the hydraulic system oil (Figure 5).
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Figure 5. Engine compartment and oil system (source: manufacturer’s manual).

The bursting of this hose is consistent with the popping noise heard by the driver,
given the high pressure at which the oil circulates in these pipes. It is also consistent with
the driver’s testimony that the oil came out “in gulps”, fuelling the combustion of the liquid
that was spilt on the ground at the rear of the vehicle. According to the bus manufacturer,
the maximum working pressure of the oil in the hydraulic circuit that incorporates these
pipes is 210 bar. The pressure and flow rate in these pipes depends on the speed at which the
hydraulic fan motor works. The speed of the fan is adjusted according to the atmospheric
conditions in which the bus operates so that the temperature of the engine coolant at the
outlet of its radiator is in the 83-89 °C range and the temperature of the charge air coming
from the engine’s turbocharger at the outlet of the intercooler is in the 4565 °C range. The
maximum working speed of the fan is 2100 rev/min. According to the bus manufacturer,
the capacity of the hydraulic circuit that drives the fan is 11 litres of oil.

This hypothesis is also compatible with the area of the vehicle where the driver said
he saw some white smoke and, a little later, the first flames.

This hypothesis is also put forward to the exclusion of other possibilities that would
be compatible with the facts and evidence we have been able to ascertain.

The process by which the oil in the hydraulic system ignited remains to be explained,
since, although it circulates at a high pressure and temperature in the circuit, its exposure
to the environment—even a relatively heated one—in the engine compartment is not likely
to cause a self-ignite, i.e., to start burning without the help of other agents, such as a heat
source or an electric spark.

3.1. Failure Analysis

The analysis developed in this study was based on the history of incidental failures
recorded in the vehicle. The main objective was to identify, understand, and characterize
the failure modes that impact the performance and availability of this equipment and lead
to this type of accident.

In this context, the process began with the development of an FMECA (Failure Modes,
Effects, and Criticality Analysis) analysis, with the main objective of analyzing possible
failures and their causes. To achieve this, the analysis and study of the history of this type
of vehicle were initiated, as well as consultations with the most experienced technicians to
construct Table 2 of the FMECA analysis.
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Table 2. FMECA analysis—bus fire.
FMECA Analysis
System/ Component/ . Failure Overall/ Severity | Occurrence | Detectability Mitigation
Equipment Subpart Function Mode Causel(s) Final Effect (S) (0) (D) RPN Actions
. Fire in the engine Engine block
Overheating compartment 4 4 2 2 replacement
The function of an engine is to Tnadequate Fire in the engine 3 4 3 36 Engine block
transform energy (such as lubrication compartment replacement
chemical, electrical, thermal, or Hydraulic Fire in the engine Engine block
hvd . H . 3 3 4 36
ydraulic energy from fuel) into Engine wedge compartment replacement
Engi mechanical energy, which block . , Engine
ngine generates movement. In vehicles, failure Overheating Flzi;: t:ﬁ;{é%‘:\e 4 4 2 32 replacement
the engine is the component that P or repair
provides the power necessary for Coolant leak Fire in the engine 3 4 4 48 Leak repair
displacement, driving the wheels compartment A P
and other car systems. Excessive Fire in the engine Engine
pressure compartment 4 3 3 36 replacement
Oor repair
Oil con- s . Turbocharger
sump- Overheating Flzg:;\ tglretrenré%:{ne 3 3 4 36 replacement or
, Lo tion P repair
The turbocharger’s function is to -
Turbocharger | compress more air flowing into the oil Fire in the engine R}]‘ITa“E“g an
. R . ] oil leak or
- engine cylinder. leak Pipe rupture compartment 4 4 3 48 replacing
& a pipe.
es] In a diesel engine, the hydraulic
5 system operates in a continuous Repairi
. cycle: a pump (powered by the X . L R epairing an
H dsrta;rl‘lc engine) pressurizes the oil, which 1?;%( Pipe @pture F‘zir':“ f:ﬁgf;%‘:‘e 4 4 4 64 oil lleak or
th is directed by valves to actuators (pressure) P ;epia:mg
(such as cylinders or motors) to pipe.
perform tasks.
The function of the cooling system
is to prevent the engine from
Cooli overheating, maintaining it at an Cool Fire in th .
SOO ng ideal operating temperature oolant Overheating ire in the engine 3 4 2 24 Leak repair
ystem A ° leak compartment
(between approximately 90 °C and
100 °C) through the circulation of a
coolant.
The main function of a vehicle’s Overheating Fire in the engine 3 2 3 18 Elgctrical .
electrical system is to generate, store, compartment SY: stefr\ repair
Electrical and distribute electrical energy to Short RfP:“F Olf the
System power all electrical components, circuit X X Fire in the engine electrica
from starting the engine to comfort Bare threads compartment 3 2 3 18 system or
replacement of
and safety systems. N
frayed wires.

After identifying the failure modes related to the bus fire, the failure mode “rupture of
an oil pipe in the hydraulic system” stood out. This identification involved the creation of
an Ishikawa diagram, also known as a fishbone diagram.

This method allows for the structured organization of the factors that may be causing
the failure, grouping them into categories such as method, labour, machine, maintenance,
measurement, and materials. The goal is to identify the possible causes contributing to this
failure mode.

The diagram resulting from this analysis (Figure 6) clearly shows the possible root
causes associated with the failure mode, serving as support for defining more effective
corrective, preventive, and on-condition preventive actions.

After identifying the cause of the failure using the Ishikawa diagram, namely a
ruptured hydraulic system oil pipe, we studied the hydraulic system oil ignition next.

3.2. Ignition of Hydraulic System Oil

Aiming to determine the physical properties of the hydraulic system oil used in this
type of vehicle, namely its flammability characteristics, samples of new and used oil with
the reference Brand XX, XHP 10W40, supplied by the transport company, were analyzed.

The characteristics and operating conditions of the lubricants used (Supplier/Brand)
are summarized below:

e  Multigrade synthetic lubricant of exceptional quality, of the EHPDO (Extra High
Performance Diesel Oil) type, especially recommended for the lubrication of high-
powered, naturally aspirated or turbocharged heavy-duty vehicle Diesel engines,
operating in the most severe conditions of use, namely when subjected to very wide
oil change intervals, possessing the properties shown in Table 3.
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Lack of MTIR calculation and

Lack of procedures Oil and diesel leak analysis
Inadequate maintenance . . Lack of MTBF calculation
policy Severity of operation and analysis
- : . Periodic maintenance Lack of calculation and
fraining of maintenance fechnicians ]n@oh analysis of failure rates

tfraining of maintenance technicians Dirt from dust Material fatigue (oil pipe in
the hydraulic system)

Lack of qualified labor Dirt from oils Tube life cycle

Dirt from diesel Inadequate material

Number of workers
Maintenance

Figure 6. Failure Modes—Ishikawa Diagram.

Table 3. Main characteristics of the oil (lubricant).

Characteristic of the Lubricant XHP 10W40

SAE Graduation 10W40
Density at 15 °C, kg /I (D1298/D4052) 0.872
Viscosity index (D2270) 139
Kinematic viscosity at 40 °C, mm?2/s (D445) 107.2
Kinematic viscosity at 100 °C, mm? /s (D445) 14.5
Flash point, °C (293) 197
Pour point, °C (D97/D6892), Max. -39
Basicity number, mg KOH/g (D2896) 125

3.3. Analysis and Test Oil (Lubricant)

Viegas et al. [28] presented a study on a metal disc made of 6082-T6 Aluminum alloy,
with a diameter of 180.0 mm and a thickness of 45.0 mm. It was instrumented with a K-type
thermocouple with a 1.5 mm diameter stainless steel sheath, which was inserted into a
1.5 mm diameter and 11 mm deep hole in the disc to measure the disc’s temperature. The
disc was heated evenly and drops of oil were dropped on the disc, according to Table 4,
and their evolution was recorded.

Table 4. Hot metal disc analysis results.

Tests 0il Temperature Ignition Time Interval
01 New 275 +2°C X 10 min
02 Used 275 +£2°C X 10 min
03 New 380 £2°C X 10 min
04 Used 380 £2°C X 10 min
05 New 390 £2°C X 10 min
06 Used 390 £2°C X 10 min

Tests were carried out in which two or three drops of oil were dropped on the disc
with the disc at a temperature of 275 & 2 °C and using new oil and used oil, and in both
tests, the o0il did not ignite thermally within a time interval of 10 min.
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Next, a test was carried out in which two to three drops of used o0il were dropped on
the disc with the disc at a temperature of 380 & 2 °C, and the oil did not ignite thermally
within a time interval of 10 min.

A test was then carried out in which two to three drops of new oil were dropped on
the disc at a temperature of 390 & 2 °C, and the oil did not ignite thermally within 10 min
(Table 4).

Simultaneous Thermogravimetric Analysis and Differential Thermal Analysis tests
were also carried out on samples of new and used oil. These analyses were carried out on a
Rheometrics Scientific Simultaneous Thermal Analyser 1500 (STA-1500) (TA Instruments,
New Castle, DE, USA).

The results of these tests are summarized in Table 5, which shows the initial mass
of each sample and whether it was new or used oil (Figures 7 and 8). The tests began at
room temperature, which, depending on the test, was between 20 °C and 31 °C, and all
ended at 1200 °C. These tests were carried out at a heating rate of 10 °C/min in a synthetic
air atmosphere consisting of 20% by volume of O, (oxygen) and 80% by volume of N,
(nitrogen), which closely represents an air atmosphere. These tests show the temperatures
at which the samples have 95%, 90%, 50% and 10% of their initial mass, which gives a good
idea of the temperature range at which the combustion reaction of the oil samples with the
air takes place [28].

Table 5. Results of the simultaneous TG/DTA analysis of the new and used oil samples.

Sample Qil M()/MG T95/OC Tg()/oC T50/OC T10/OC T((DM/DT)MAX)/OC TTMAX/OC
1 New 10,960 243.1 265.2 333.4 390.8 344.8 348.6
2 Used 9117 243.4 265.6 348.1 433.6 355.3 363.2
3 Used 15,814 251.4 274.5 355.6 449.2 358.8 359.2

Inicial mass (m, /mg)
18
16 15.814
14
12 10.96
o]
€ 10
\o 9.117
e 8
6 mO0 /mg
4
2
0
1 2 3

Number of the sample

Figure 7. Mass of each sample in m(/mg.
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Figure 8. Temperature as function of mass of each sample in mp/mg.

The surface temperature of the pipe between the turbocharger and the intercooler
has not yet been measured experimentally, but it should be lower than 250 °C as a result
of calculations carried out, and also due to the fact that the materials that can withstand
higher temperatures used in the manufacture of the hoses that connect the metal pipe
after the turbocharger with the metal pipe before the intercooler can only withstand a
maximum continuous working temperature of 250 °C [29]. TG/DTA tests indicate that the
thermal ignition temperature of Brand XX, XHP oil should be above 300 °C. A published
study [30] indicates that the thermal ignition temperature depends on the apparatus used
to measure it. Colwell & Reza [30] carried out a study in which they measured the thermal
ignition temperature of a gas turbine lubricating oil that complies with MIL-L-7808, using
various methods. The lubricating oil considered was Royco 808. This lubricating oil
has an ignition temperature (Flash Point) of 232 °C. Using the procedure described in
the ASTM E659-78(2000) standard [31], which creates an isothermal environment for the
ignition of a drop of liquid and therefore makes it possible to obtain the lowest thermal
ignition temperature, these researchers obtained a thermal ignition temperature of 365 °C.
Using an experimental set-up similar to the one we used, in which a drop of liquid was
dropped onto an electrically heated AISI 304 stainless steel test surface, with dimensions
48 cm x 38 cm x 4.8 cm (L x W x H), which obtained thermal ignition temperatures in
the range of 535-635 °C. Strasser et al. [32] measured the thermal ignition temperature of
a gas turbine lubricating oil complying with the MIL-L-7808 standard on the surface of a
steel tube with an outside diameter of 101.6 mm (4”) and a length of 304.8 mm (12”) in an
air atmosphere at 27 °C (80 °F) with zero air flow velocity over the surface and obtained a
thermal ignition temperature of 543 °C (1010 °F). They also carried out tests to measure the
thermal ignition temperature of the same lubricating oil for the air flow velocity over the
surface of the tube parallel to the tube axis in the range 0.30 m/s to 2.6 m/s (1 to 8.5 ft/s)
and found that the thermal ignition temperature of the oil increases monotonously with
the flow velocity and is equal to 649 °C (1200 °F) for a flow velocity over the surface of
2.6 m/s (8.5 ft/s).

These researchers also carried out tests to measure the thermal ignition temperature of
the same oil on the surface of a 4” (101.6 mm) outer diameter steel pipe in an air atmosphere
at 177 °C (350 °F) for the flow velocity over the pipe surface parallel to the pipe axis in the
range 1.1 to 8, 5 ft/s and found that the thermal ignition temperature of the oil increases
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monotonously with the flow velocity, being equal to 516 °C (960 °F) for a flow velocity over
the surface of 0.34 m/s (1.1 ft/s) and being equal to 610 °C (1130 °F) for a flow velocity
over the surface of 2.6 m/s (8.5 ft/s).

The results of the tests carried out by Colwell & Reza (2005) [30] and Strasser et al.
(1971) [32] with lubricating oils that comply with the MIL-L-7808 standard lead to the
following conclusions:

e  The thermal ignition temperature obtained by the ASTM E659 standard [31] (365 °C)
is considerably lower than that obtained by tests on an electrically heated flat surface
(635-635 °C);

e  The minimum thermal ignition temperature, measured by tests on a flat surface of
AISI 304 stainless steel at zero flow velocity, 535 °C, is similar to that measured in tests
on the surface of a steel pipe with an outside diameter of 4” (101.6 mm) at zero flow
velocity, 543 °C;

e  The thermal ignition temperature measured by tests on the surface of a steel pipe with
an outside diameter of 4” (101.6 mm) with a non-zero air flow velocity parallel to the
pipe axis increases with the air flow velocity;

e  The thermal ignition temperature measured by tests on the surface of a steel pipe with
an outside diameter of 4” (101.6 mm) with zero or non-zero air flow velocity parallel
to the tube axis decreases with increasing the temperature of the air atmosphere
surrounding the tube. For zero air flow velocity, the thermal ignition temperature
decreased from 543 °C (1010 °F) for an air temperature of 27 °C (80 °F) to an estimated
thermal ignition temperature of 499 °C (930 °F) for an air temperature of 177 °C
(350 °F). For an air flow velocity parallel to the tube axis of 2.6 m/s (8.5 ft/s), there
was a decrease in the thermal ignition temperature from 649 °C (1200 °F) for an air
temperature of 27 °C (80 °F) to a thermal ignition temperature of 610 °C (1130 °F) for
an air temperature of 177 °C (350 °F).

By comparing the results obtained by Colwell & Reza [30] and Strasser et al. [32] with
the results obtained in the experimental measurements we carried out with Brand XX, XHP
10W40 oil and the data we have, the following was concluded:

o  The self-ignition temperature (Flash Point) of Brand XX, XHP 10W40 oil is 197 °C;

e  The Royco 808 oil, which complies with the MIL-L-7808 standard tested by Colwell
& Reza [30], has a Flash Point temperature of 232 °C, a thermal ignition temperature
obtained from the ASTM E659 standard [31] of 365 °C and a minimum thermal ignition
temperature on a heated flat plate of 535 °C.

Assuming that the observed difference in self-ignition temperature between Royco 808 oil
and Brand XX, XHP 10W40 oil At =232 °C — 197 °C = 35 °C is maintained for the thermal
ignition temperature obtained by the ASTM E659 standard and for the minimum thermal
ignition temperature on a heated flat plate, the thermal ignition temperature obtained
by the ASTM E659 standard estimated for Brand XX, XHP 10W40 oil is 330 °C and the
minimum thermal ignition temperature on a heated flat plate estimated for Brand XX, XHP
10W40 oil is 500 °C. The ASTM E659 thermal ignition temperature estimated for Brand
XX, XHP 10W40 oil, 330 °C, correlates well with the temperature at which the new oil
sample shows 50% of its initial mass for the Thermogravimetric Analysis and Simultaneous
Differential Thermal Analysis we carried out, 333.4 °C [28].

3.4. Analysis of Engine Compartment Temperatures

Temperature measurement tests were also carried out in the engine compartment of an
identical vehicle, using an infrared camera, namely: FLIR SC660 IR Camera, which allows
analysis of equipment temperature profiles, enabling fault detection.
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The FLIR SC660 (Figure 9) has a high-resolution 640 x 480 pixel detector for greater
accuracy and higher resolution. It has an integrated 3.2-megapixel visual camera to generate

sharp visual images in all conditions.

Figure 9. FLIR SC660 IR camera.

The camera technical characteristics are the following:

Brand FLIR Systems
Manufacturer FLIR Systems

Category CCTV > CCTV cameras
Model code SC660

Resolution TVL 640 x 480

Digital (DSP) Yes

Specialist Types Thermal

Electrical Specifications Voltage: 12 VDC

Signal Mode PAL, NTSC

Zoom Yes

Physical Specifications Dimension mm: 299 x 144 x 147
Weight g: 1800

Environmental Specifications Operating Temperature °C: —15~+50
Operating Humidity %: 0~95

Several tests were carried out with the vehicle’s engine running, reproducing and
simulating the actual operating conditions of the engine at the time of the accident. We
found that the surfaces in the engine compartment with temperatures above the ignition
value (value > 500 °C) are the exhaust collector, the exhaust pipe next to the exhaust
manifold (exhaust collector) and the turbocharger turbine body. The components that, due
to their position, are most likely to be hit by oil droplets from the burst hydraulic pipe
are the exhaust manifold and the exhaust pipe next to the exhaust manifold, as shown in
Figure 10.
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Figure 10. Thermal image of the engine compartment.

Based on the data, it can be stated that the reasoning presented and assuming that the

fire originated from the bursting of the flexible hydraulic oil pipe that feeds the hydraulic

motor that drives the front cooling fan of the engine radiator and the engine intercooler can

be concluded that the fire may have originated from the following:

Thermal ignition of the oil coming from the bursting of the hydraulic oil pipe feeding
the hydraulic fan drive motor, in contact with a surface with a temperature of over
500 °C. The surfaces in the engine compartment with a temperature above this value
are the exhaust manifold, the exhaust pipe next to the exhaust manifold and the
turbine housing of the turbocharger. The components that, due to their position, are
most likely to be hit by oil spills from the burst hydraulic pipe are the exhaust manifold
and the exhaust pipe next to the exhaust manifold. The fire then must have spread
into the engine compartment via the oil that soaked these and the other components
in the engine compartment, and to the ground via the oil that fell to the ground from
these components in the engine compartment. Another phenomenon that may have
contributed to the spread of the fire are the flammable vapours released from the oil
coming from the burst hydraulic hose when it came into contact with surfaces at a
temperature higher than the Flash Point of the o0il, 197 °C, such as the aforementioned
components with a temperature higher than 500 °C, the compressor housing on the
turbocharger, most likely the metal tube between the turbocharger and the intercooler
(its surface temperature will still have to be measured to be sure of this), the exhaust
manifold, and the compressor filter housing of the bus’s pneumatic system.

Ignition by sparks produced in the engine compartment of flammable vapours released
from the oil coming from the burst hydraulic pipe by its contact with surfaces at a
temperature higher than the Flash Point of the oil, 197 °C, as is the case with the
aforementioned components with a temperature higher than 500 °C, the compressor
housing in the turbocharger, most likely the metal tube between the turbocharger and
the intercooler, the exhaust manifold and the compressor filter of the bus’s pneumatic
system. So far, no source of sparks in the engine compartment has been unequivocally
identified. An example of a component that could have started a fire would be the
alternator, but this was not the cause of this fire. The alternator was tested and
dismantled to analyze its condition; it was not detected as an anomaly, or as a cause
that could lead to a faulty ignition that could cause a road fire (bus). Although less
likely, two other scenarios that could have caused the fire cannot be ruled out:
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e There was a fracture in the engine block, in the compressor block of the bus’s
pneumatic system, or in the turbocharger that caused a leak of engine oil that
has caused thermal ignition in contact with components already listed in the
engine compartment with a surface temperature of over 500 °C. Screening for
this hypothesis involves dismantling the bus engine and carefully inspecting it to
see if it has any fractures in the engine block, the compressor block of the bus’s
pneumatic system or the turbocharger that has caused an engine oil leak.

e  An electrical short circuit in the engine compartment.

3.5. Experience of Other Operators

At the meeting with representatives of Carris Bus and STCP, we learned that these two
operators use Brand A, Model X vehicles of various versions and years of manufacturing.
Carris has a fleet of 39 Brand A, Model X vehicles from 2000, which are leased to mm, which
uses them to transport passengers within Lisbon’s Portela Airport. STCP has 75 Brand A,
Model X vehicles.

It was mentioned that the evolution of European standards for this type of vehicle
(Euro 2, Euro 3 and Euro 4 codes) has made ever-greater demands on propulsion systems.
These measures mean that propulsion systems are made up of additional systems designed
to increase their energy efficiency and reduce emissions of polluting gases, which increases
their complexity and reduces the space available to carry out the heat exchanges that some
processes require.

At Carris, a fire broke out in a Brand A, Model X vehicle. STCP has reported accidents,
not all of them involving vehicles of this model.

The main causes of the reported fire accidents were broken engine components, such as
the connecting rod, and the poor state of electrical wiring, which was losing its insulation.

During the preparation of this report, we learned of an accident caused by a fire in a
Brand A, Model X vehicle in Germany, which resulted in the vehicle being destroyed.

4. Conclusions

This paper suggests that the cause of the fire in the transport vehicle studied was the
bursting of an oil pipe in the hydraulic system of the cooling fans of the vehicle’s heat
exchangers and offer the following consideration: this is a cause of fire that has not oc-
curred in previous cases of accidents involving vehicles of the same model. Manufacturing
defect in oil pipe, non-compliance of the part used with the manufacturer’s recommen-
dations, defects in the threaded joints connecting the pipes to the hydraulic motor, the
formation of cracks in the pipe due to material fatigue caused by the system’s pressuriza-
tion and depressurization cycles and the condition of these pipes must be checked during
routine inspections to ensure that they do not show any of the signs mentioned in the
previous point.

Therefore, we suggest replacing these pipes after certain periods of use, in accordance
with the manufacturer’s recommendations, or more demanding ones if the risk of this
type of accident warrants it. It should be noted that the use of these vehicles in the
high temperatures experienced in Portugal-—compared to the countries of origin of these
vehicles—may force to reduce preventive maintenance periods or even the replacement of
critical components.

In conclusion, a Condition Based Maintenance policy is recommended for this type
of fleet, using various condition maintenance techniques, namely visual inspections, oil
analysis, thermography and vibration analysis. We also recommend that the company
change the periodic systematic maintenance intervals, notably reducing the intervals from
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50,000 km to 25,000 km; it is recommended to replace the oil pipe during inspection after
100,000 km.

Additionally, from the study presented, we suggest the following to the vehicle
manufacturer: include fire detection and suppression systems in the engine bay; improve
compartmentalization to prevent flame propagation; implement better routing of electrical
and hydraulic lines; introduce enhanced materials with higher fire resistance. These
conclusions align with trends in newer buses, as is referred in the paper.
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