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Abstract: Theworkwascarriedout duringanexchangepro-

gram of several-months at the Colorado School of Mines

(CSM) in Golden, Colorado. The goal of the thesis was to

investigate scaled methane and coal dust explosions for

the validation of CFD models. A series of different tests

were performed in a horizontal, cylindrical steel reactor

with a length of 1.5m and a diameter of 63mm at a scale

of about 1:30. These tests are used to investigate the effect

of coal dust on the combustion process by measuring the

velocity of propagation. Furthermore, a reactor was con-

structed to visualize coal dust explosions, their interaction

with the methane flame and the entrainment of coal dust

particles. These approaches will help to understand the re-

lationshipbetween theparticledispersionand the turbulent

flame propagation and to prepare experiments in a larger,

~1:5 scaled steel reactor (L= 31m, D=0.71m).

Keywords: Coal dust explosion, Methane-air mixture, Coal

dust experiments, Flame propagation velocity

Kohlenstaubexplosionen im Labormaßstab und

physikalische Ergebnisse für CFD-Modelle

Zusammenfassung: Die Arbeit wurde im Zuge eines mehr-

monatigen Auslandaufenthaltes an der Colorado School of

Mines (CSM) in Golden, Colorado durchgeführt. Das Ziel

der Thesiswar es, skalierteMethan- undKohlenstaubexplo-

sionen zur Validierung von CFD-Modellen zu untersuchen.

Es wurde eine Reihe von Tests in einem horizontalen, zylin-

drischen Stahlreaktormit einer Länge von 1,5m und 63mm

Durchmesser im Maßstab von ca. 1:30 durchgeführt, um

den Effekt von Kohlenstaub auf den Verbrennungsprozess

zu untersuchen, indem die Ausbreitungsgeschwindigkeit

gemessen wurde. Des Weiteren wurde ein Reaktor zur Vi-
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sualisierung von Kohlenstaubexplosionen konstruiert, um

die Wechselwirkung mit der Methanflamme sowie die Mit-

nahme von Kohlenstaubpartikeln zu studieren. Diese An-

sätze werden dazu beitragen, die Beziehung der Partikeldi-

spersion mit der turbulenten Flammenausbreitung zu ver-

stehen und Versuche in einem größeren, ~1:5 skalierten

Stahlreaktor (L= 31m, D=0,71m) vorzubereiten.

Schlüsselwörter: Kohlenstaubexplosion, Methan-Luft-

Gemisch, Kohlenstaubversuche, Flammenausbreitung

1. Introduction

In underground coalmines, coal dust andmethane are pro-

duced by the mining processes of coal seams. Coal dust

particles deposit on the entries, including the roof, rib, and

floor areas, and can causeanexplosion if they are entrained

and ignited. In underground coal mines, fine coal particles

that are produced by cutting processes can induce an ex-

plosion when entrained and ignited, for example, initiated

from amethane explosion [1]. Such processes caused sev-

eral disasters of mine fires like the explosion at the Upper

Big Branches with 29 fatalities in 2010, and the Jim Walter

No. 5 mine which killed 13 miners. The high number of fa-

talities in underground coalmines in theUnitedStates illus-

trates that coal dust explosions can occur if measurements

for prevention are inadequate. Since NIOSH closed the

Lake Lynn Laboratory for full-scale physical testing, there

is no longer a facility available for suitable coal dust explo-

sion tests in the U.S. However, scaled laboratory and field

tests in combination with numerical models can reliably

reproduce results of full-scale mine tests to investigate the

behavior of coal dust in relation tomethane gas explosions.
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Fig. 1: SchematiclayoutoftheexperimentalsetupinthelaboratoryatCSM.PTpressuretransducer,CVcheckvalve,FAflamearrestor,SVsolenoidvalve.
The red circlemarks the injection systemfor testswithpre-dispersed coaldust

2. Materials and Methods

2.1 Experimental Setup

For the procedure of the experiments, a laboratory-scale

horizontal steel tube is used to investigate the flame prop-

agation of ignition of a methane-air concentration in pres-

ence of coal dust. The setup provides multiple data points

for future comparison of CFD simulation tests and to extra-

polate them to larger combustion geometries. The experi-

ments were performed under standard conditions at about

294K and 83kPa, the atmospheric pressure in Golden, CO.

Fig. 1 shows a schematic of the experimental setup

consisting of a zero-grade air and compressed methane

cylinders, mass flow controllers (MFC), a mass flow meter

(MFM), a mixing tank, a data acquisition (DAQ) device, and

Fig. 2: Typicalsignalfrompassingoftheflame. Inthiscasetheflameisproducedbyatorch. Eachcolorrepresentsanionsensor. Thefirstriseofthesignal
iswhere theflame isbeingdetected thefirst time (FD). Thediagram isa functionofvoltageon they-axisand timeon thex-axis

a steel tube with four ports for the ion sensors on the lon-

gitudinal axis. Several safety features have been installed

to enable a secure operation of the system.

The laboratory-scaled reactor has a length/diameter

(L/D) ratio of 26 with an open end to the atmosphere. The

inlet and ignition system of the premixed combustible

methane-air mixture is at the closed end. The threaded

sensor ports are equally apart with a distance of 38cm.

Custom-built flame detectors are made from spark plugs

that are modified to ion sensors. Each sensor is con-

nected to its own voltage source and a common DAQ,

which records the created voltage when the flame passes

near the gap between the electrodes of the sensor. By

the known distance between the ion sensors and the time

of the detected signal, the flame propagation velocity is

determined.
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TABLE 1

Specification of the Pittsburgh coal dust

Origin of the coal Pittsburgh high-volatile bituminous
coal

Moisture [%] 1

Volatile matter [%] 37

Fixed carbon [%] 56

Ash [%] 6

Heating value
[kJ/kg]

32,322

Fig. 2 shows the example of a signal from the passing of

the flame. Pittsburgh coal which is known as high volatile

bituminous coal with a particle size of d85< 75µm, repre-

sents “float” coal dust in the intakes and returns of under-

ground coal mines.

The proximate composition of the coal is shown in

Table 1. The values have been measured according to

ASTM D3172 and D 1989 [2]. As ignition system, a com-

mercial 12V auto battery, a capacitor, an ignition coil and

a manual switch are used. The released energy of the

produced spark is approximately 60± 5 mJ [3, 4]. Due to

the high current of the battery, features for safe handling

have been installed.

2.2 Test Procedure

Prior to any tests, compressed building air flows through

all lines to test for potential leaks. After the safety checks,

the methane flows with a rate of 1.68Pa*m3/s and the air

with 18.93Pa*m3/s at a pressure of 206kPa through themix-

ing vessel to ensure a stoichiometric methane-air mixture

(CH4 concentration of 9.5%). The flow is controlled by an

MFC for the methane gas and an MFM for the zero-graded

air. The combustiblemixture is filled for a timeof 2min± 5s

into the steel reactor. A perforated aluminium foil covers

Fig. 3: Averageflamefront
propagationvelocityofall
tests carriedoutwithnodust,
deposited coaldust;Oper-
ating conditions: 294± 1K,
83± 1kPa, andEign= 60± 5mJ

the open end, which allows the purge of the ambient air in

the reactor. To ensure stable conditions, a settling time of

the gases is set to 1min± 3s. The mixture is then ignited

from the closed end of the reactor by the capacitive spark

ignition system. After each test, the reactor and all lines are

flushed with compressed building air, and the exhausts are

sucked out by the building ventilation. Tests are perfomed

with rock from Germany which ensures that the exhaust

system can capture all dust particles. These experiments

are used to study the influence of incombustible dust on the

flame velocity and how it deviates from the experiments

with the coal dust.

Two sets of experiments are conducted with either pre-

dispersed or deposited coal dust. Tests of the deposited

coal dust are placed on a metal plate within a specific

zone. This zone is 23cm long and represents the proce-

dure of the large-scale experiments which were performed

by researchers in Kloppersbos, South Africa [5]. In ad-

dition, four different coal dust concentrations are used:

100g/m3 (0.5g), 200g/m3 (1g), 416g/m3 (2g), and 832g/m3

(4g). As a reference, the influence on flame propagation

velocity of methane-air mixture itself with and without the

metal plate in the steel reactor is also analysed.

3. Results

3.1 Results of the Deposited Coal Dust

The impact of the deposited coal dust shows a reduction

in the flame front propagation velocity. Fig. 3 displays the

comparison of the experiments with the methane-air mix-

turewith (obstructed) andwithout (unobstructed) themetal

plate and the deposited coal dust with the concentrations

of 100, 420, and 830g/m3. The highest velocity of 70m/s

is measured without coal dust and occurs between the 3rd

and 4th sensor. In contrast, the lowest velocity is 35m/s

which occurs with a coal dust concentration of 830g/m3.
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Fig. 4: Comparisonof the
meanflamefrontprop-
agationvelocityofde-
posited/pre-dispersed coal
dustwith themetalplate in the
steel reactor;Operating condi-
tions: 294± 1K, 83± 1kPa, and
Eign= 60± 5mJ

Coal dust particles, which are dispersed from the shock-

wave of the explosion, absorb heat and energy. This ab-

sorbed energy, which is needed to develop gas substances

from the volatile matter of coal dust particles, is too low to

start the gas forming processes. Therefore, the amount of

gas is insufficient and cannot serve as fuel for the explosion

and may explain the decrease of the flame velocity.

This effect differs from the literature and the conclusions

of researchers who have conducted tests in horizontal tube

reactors. However, the L/D ratio and the initial ignition en-

ergy is higher. Itmust also be highlighted that the coal dust

has been initially injected and premixed with the methane-

air mixture before the ignition of the combustible solid and

gas phases [6–8].

3.2 Results of the Pre-dispersed Coal Dust

Fig. 4 shows the results of the test when the coal dust was

injected prior to the ignitionof thepremix. The injected coal

Fig. 5: Imagesof theexperimentwith 100g/m3 ofpre-dispersed coaldust. TheFlamewasfilmed fromthesideof theopenendof thesteel reactor

dust has a negative effect on the flame velocity. The higher

the concentration, the higher the reduction of the flame

speed. This phenomenon occurs because coal dust parti-

cles provide a greater proportion of energy absorption. The

diagram also displays that the mean flame velocity of the

deposited coal dust occurs at a concentration of 100g/m3.

It can be observed that the impact of the deposited coal

dust on the flame velocity is less effective because fewer

particles are dispersed, which act as an energy absorption

medium. This effect is even more intensified with a higher

concentration (200g/m3) since the average velocity in the

last measuring sector is only 19m/s.

Fig. 5 shows a series of images taken by a high-speed

camera. The amount of coal dust used in this experiment

is 0.5g of pre-dispersed coal dust. It shows a large flame

at the end of the reactor and strong blackbody radiation,

which can be explained by the the high percentage of the

finest coal dust particles involved and the exposure to the

flame.
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Fig. 6: Experimental reactordesign, length= 153cm,cross-sec-
tion= 161cm2

4. Design of an Experimental Reactor with
Rectangular Cross-section

The second objective of the master thesis was the design

and construction of a reactor with a rectangular cross-sec-

tion to resemble an underground coal mine drift. An ad-

ditional requirement of the reactor is to plan transparent

sidewalls for an investigation of the entrainment and dis-

persibility of the coal dust explosion on a laboratory scale.

Fig. 6 shows the final design of the experimental reactor

consisting of plexiglass with a thickness of 12.7mmas side-

walls and two U-channels for stabilization. The length of

the reactor is 153cm and the cross-section is 161cm2. The

plexiglass is sealed and bolted to the metal channel with

a graphite gasket. Additional silicon is used to seal it com-

pletely. At the one end, the reactor is covered with a layer

of plexiglass with an opening to slide in the steel tube. The

other end is open for the exhaust ventilation. For safety

reasons, the combustiblemixturewill only be ignited in the

steel reactor. The design ensures a comprehensive obser-

vation of the evolution of the coal dust propagation over the

whole length of the reactor. High-speed imaging provides

an insight into the entrainment and burning coal particles

as the methane flame passes through the containing coal

dust zone.

5. Conclusions

The highest flame propagation velocity is achieved with

a horizontal metal plate in the reactor. The mean flame

speed decreases with the amount of coal dust added. This

effect is observed both with deposited and with pre-dis-

persed coal dust. It is concluded that the pulverized coal

in the reactor causes radiative absorption of the energy be-

cause the residence time in the steel reactor is too short.

The coarser coal dust particles cool the flame temperature,

as the initial energy of the explosion is too low to cook off

volatile carbohydrates from the coal particles. Therefore,

only the finest particles take part in the reaction. A sec-

ond effect of adding coal dust as a fuel is the reduction of

available oxygen and rendering the methane-air-coal dust

mixture lean.
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